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Introduction 


The Suprathermal Ion Detector Experiment (SIDE) was 
deployed on the Apollo 12, 14 and 15 missions. Table 1 
gives the deployment locations and dates. 


Apollo 12 
Apollo 14 
Apollo 15 


Longitude 
23. 4°W 
17. 4°W 
3.6°E 


Table 1 
Latitude 
3.2°S 
3.6°S 
26.1°N 


M. D. Y. 
11 19 69 
2 5 71 

7 31 71 


At the time of preparation of this report the Apollo 12 
and 15 SIDEs are returning useful data although the Apollo 
12 SIDE mass analyzer is noisy and the absolute intensity 
calibration of the total ion detector is no longer 
trustworthy. The Apollo 14 SIDE returned useful data until 
mid-December of 1974, when it failed to operate after having 
drawn excessive current. 

In all some 13 years, 9 months of cumulative data have 
been received from the three instruments. The raw data is 
stored on several thousand reels of magnetic tape. The 
majority of this data has been converted to a scientifically 
useful format and deposited in the National Space Science 
Data Center at Qreenbelt, Maryland. This data is in a 
usefully condensed format and occupies approximately 74 
reels of magnetic tape. A copy of the Experiment Users 



Guide that accompanies that data is attached to this report 
(Appendix 1) and serves as a convenient description of the 
instrument and the data format. A copy of the One-Year 
report on the SIDE contract is also attached, as Appendix 2. 

The principal scientific objectives of the Suprathermal 
Ion Detector Experiment were to explore the lunar ionic 
environment and to measure the electric potential of the 
lunar surface. The experiment was highly successful in that 
both of these objectives were accomplished. Furthermore, an 
additional objective, the investigation of the magneto- 
spheric tail at lunar distances, was also successful and a 
new region of magnetospheric plasma was discovered above and 
below the plasma sheet; the lobe plasma. 

A measure of the success of the experiment can be seen 
in the length of the attached Bibliography of papers and 
theses pertaining to the SIDE data. Approximately 200 pages 
of published material have appeared in books or scientific 
Journals, and over 45 papers have been presented in 
scientific meetings. In addition same 1200 pages of M. S. 
and Ph.D. thesis material has been written resulting in 9 
M. S. degrees and 3 Ph.D. degrees. Two more Ph.D. degrees 
based on SIDE data are expected in November 1975. 

A glance at the attached bibliography also shows the 
wide range of subjects explored by the SIDE data. We now 
provide a brief current summary of the principal results 
from some of these subject areas. 
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The Lunar Ionosphere 

Because the lunar ionosphere is promptly accelerated by 

the solar wind electric field the majority of SIDE data on 

the ionosphere comes from the terminator regions. Here the 

orientation between the electric field and the detector look 

axes is such that the ions can be accelerated into the SIDE 

field of view. The observed fluxes of ions in the mass 

range about 20 AMU/q (probably neon) are highly variable, 

depending on solar wind magnetic field conditions and local 

time. Typical values for the stronger events are 

5 -2 -1 

approximately 10 ions cm sec in the energy range 10-3500 
eV. Assuming accepted values for the U.V. and charge 
exchange ionization rates leads to neon neutral number 

ll 5 

densities of 5 x 10 to 10^ atoms/cm. Although we have 

seen events in which ions in the mass 40 AMU/q range were 
represented these events are not as clean and we are not 
able to quote fluxes and number densities for Argon ions and 
atoms. 

A particularly interesting feature of the terminator 
ion data is the ion energy spectrum itself. This spectrum 
has proven to be quite tractable and illuminating. Several 
examples are given in the attached paper ”The Lunar 
Terminator Ionosphere”, by Benson et al .. 1975 (Appendix 
3-1). The differential energy spectrum is exponential above 
the main peak owing to the exponential nature of the lunar 
atmosphere and the homogeneous solar wind electric field. 
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The e-folding energy gives the product of the neutral gas 
scale height and the solar wind electric field strength. 
Since the scale height is determined independently this 
provides direct measure of the solar wind electric field. 

Hie peak energy is a rough measure of the lunar surface 
electric potential which is found to be negative near the 
terminator. The shape of the dip in the spectrum below the 
peak energy indicates the rate at which the lunar surface 
electric field falls off with height. Pits to an 
exponential function indicate an e-folding height of several 
kilometers, a much larger distance than the free streaming 
solar wind Debye length of several meters. These spectra 
provide a great deal of information on the electric field 
environment of the moon as well as the ion environment. 

When the solar wind electric field is not oriented such 
as to accelerace ions into the SIDE at the terminator, ion 
fluxes are sometimes still observed. These fluxes are due 
to atmospheric ions accelerated toward the lunar surface by 
the lunar surface electric field alone. The differential 
energy spectrum of these ions (see figure 4 of "The lunar 
Terminator Ionosphere", Benson et_al., 1975, Appendix 3-1) 1* 
very narrow and in fact rarely seen in more than one SIDE 
energy channel. Because the spectrum is so narrow it is not 
mathematically tractable except to calculate that the peak 
energy is a direct measure of the local electric potential 
of the the lunar surface, usually between - 10 and - 100 




volts in the terminator region. 

The SIDEs also detect the lunar ionosphere on the 
dayside of the moon. In this case the accelerating electric 
field is provided by the SIDE itself. A stepped voltage 
supply provides a potential difference between the ground 
plane grid and the ion entrance aperture. When the aperture 
is negative relative to the lunar surface ions can be 
accelerated into the detectors. This mode of operation is 
used to determine the dayside lunar surface potential due to 
photo electrons, (see ”The Electric Potential of the Lunar 
Surface”, Fenner et al .. 1973* Appendix 3-2). It also 
provides a measure of the ion number density at the surface. 
This number is found to lie between 1 and 7 ions/cm in the 
solar wind or magnetosheath plasma. As expected this ion 
number density does not exceed that of the solar wind. 

The Electric Potential of the Lunar Surface 

As indicated above, the surface potential in sunlight 
is determined by the energy spectrum of ions accelerated by 
the ground plane stepper supply. Since this electric field 
extends about 1 Debye length or less from the SIDE it 
provides a measure of the lunar potential relative only to 
the immediate surrounding plasma i.e., the surface potential 
due chiefly to the photoelectrons. This potential is found 
to be about 4-10 volts from solar zenith angles of 0 to about 
^3°. Beyond 45° the potential falls rapidly to values as 


low as - 100 volts near the terminator. The lunar surface 
potential is not symmetric with regard to positive and 
negative zenith angles. At about +50° the potential rises 
abruptly to about +18 volts. No equivalent peak is seen at 
negative angles. As shown by the CPLEE data (Burke et al ., 
1975) the potential of the lunar surface on the dayside 
relative to the solar wind may be considerably higher in 
regions where there exists a substantial surface magnetic 
field. Further details of the surface potential can be 
found in ’’Lunar Electric field, Surface Potential and 
Associated Plasma Sheath Effects", Freeman and Ibrahim, 
1975, Appendix 3-3* 


The Lunar Nightside 


Ions in the energy range 250 eV to 1500 eV are seen on 
the nightside of the moon. These ions may be seen 
throughout almost the entire lunar night but activity 
increases in the period 1 to 6 days prior to local sunrise 
and has a strong peak 2 to 3 days before sunrise as seen 
with the Apollo 14 and 15 SIDEs. The Apollo 12 SIDE shows 
an equivalent activity following sunset. 

The ion energies are generally less than solar wind 
energies. The spectra vary from mono-energetic at 250 eV to 
500 eV to broad. There Is an indication that the peak 
energy changes with lunar local time reaching a maximum of 
750 eV 3 to 4 days before sunrise. 
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The ion fluxes are of the order of 10° ions/cm -sec-ster. 
They occur in bursts usually less than 1 hour in duration. 

They show no K p dependence. 

These ions are not understood. Their energy suggests 
that they are of solar wind origin. They are of too high 
energy to be detected by the SIDE mass analyzer. Possible 
explanations include: 

1. Atmospheric ions accelerated by the solar wind into 
circumlunar trajectories. 

2. Solar wind protons escaping from a lunar limbshock 
as recompression shock. 

3. The positive ion sheath of the lunar nightside 
negative surface potential. 

For further details see "An Observation of Lunar Night¬ 
time Ions”, by Henry Emil Schneider, 1975, (Appendix 3-*0. 

Bow Shock Protons 

Protons and other solar wind ions accelerated in the 
earth's bow shock can escape upstream along magnetic field 
lines. The SIDEs established that these ions can travel at 
least as far as the lunar orbit. At the moon these ions 
have energies ranging from 250 eV to beyond the upper limit 
of the SIDE at 3500 eV. Integral fluxes of the order of 
10^ ions/cm sec -ster are typical. Their arrival at the 
moon is correlated with the interplanetary magnetic field 
direction. Further details can be fo^nd in "Bow Shock 


Protons in the Lunar Environment" by Benson et al .. 1975. 
Appendix 3-5 and the related thesis by Benson. 

Magnetosheath 

The moon offers a good platform from which to study the 
distant magnetotail and magnetosheath. Using SIDE energy 
spectra the plasma parameters bulk velocity, temperature, 
number density, pressure, and energy density ratio were 
computed for 10 lunations throughout the magnetosheath. 

These parameters generally follow the predictions of laminar 
flow. The presence of non-thermal particles concentrating 
in a high energy tail of the energy spectrum is observed to 
increase near the bow shock in the dus.c magnetosheath. 

An unexpected result is an asymmetry in the correlation 
between this high energy tail and K . The dusk magneto- 
sheath shows a good correlation but the dawn magnetosheath 
shows no such correlation. This result is believed to be 
related to the presence of oblique shocks at the dawn 
magnetosheath. Further information can be found in "Dawn- 
Dusk Magnetosheath Plasma Asymmetries at 60 RE", by M. A. 
Fenner and J. W. Freeman 1975, (Appendix 3*6), and the 
related thesis by Fenner. 


Magnetotali 


Perhaps the most Important and least expected result 
from the SIDE data is the discovery of a new plasma regime 
in the high latitude lobes cf the geomagnetic tail. 
Principally because of the SIDE’S high sensitivity to low 
energy ions it detects what we refer to as the "lobe plasma". 

The lobe plasma consists of protons of energy 50 to 250 
eV streaming along the geomagnetic tall field lines away 

c Q 

from the earth. Integral fluxes range from 10 J to 10 

2 . ii s; 

ions/cm sec ster, temperatures 4 x 10 to 5 x 10^°K and 

O 

number densities 0.1 to 5/cm . See "A New Plasma Regime in 

the Distant Geomagnetic Tail", Hardj ?t al .. 1975* (Appendix 

3-7) and the related thesis by Hardy. 

This plasma is found to be sometimes but not always 

contiguous with the plasma sheet. It is believed to convect 
toward the plasma sheet from the polar magnetopause and to 

form the source region for the plasma sheet. Its frequency 

of occurrence in certain areas of the tall appears correlated 

with the east-west component of the Interplanetary magnetic 

field, thus providing convincing evidence for the highly 

controversial magnetic merging on the daysldr magnetopause. 

Detailed investigations of the plasma sheet using the 

SIDE data are only now getclng underway. One feature of 

interest is the appearance of multiple bulk flow velocities. 

Also the correlation of plasma sheet flow with substorm 

activity remains a promising subject to be investigated. 
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Solar Wind-Neutral Gas Cloud Interactions 

An important aspect of cosmic physics is the 

interaction between neutral and ionized gas streams. An 

opportunity to investigate such an interaction accured 

following the impact of the Apollo 13 S-IV3 stage rocket 140 

km west of the Apollo 12 ALSEP site. Both the SIDE and the 

Solar Wind Spectrometer observed a large flux of positive 

8 2 

ions (maximum flux - 3 x 10 ions/cm sec ster). Two 
separate streams of ions were seen: a horizontal flux that 
appeared to be deflected solar wind ions and a smaller 
vertical flux of predominantly heavy ions (> 10 AMU/q) which 
probably consisted of material vaporized from the S-IVB 
stage. The Important result Is that hot electrons (50eV) 
were created and were an Important ionization mechanism in 
the impact-produced neutral gas cloud. Thus strong 
ionization and acceleration were seen under near collision¬ 
less conditions. For further information refer to "The 
Interaction Between an Impact - Produced Neutral Oas Cloud 
and the Solar wind at the Lunar Surface", by Llndeman 
et i . 1974 (Appendix 3-8). 

Rocket Exhaust Products 

Along with ions from the ambient atmosphere the SIDES 
detect ions arising from exhaust gases from the A; *. 
missions. The Apollo 12 SIDE data was studied briefly with 
tb- object of determining the dissipation rates of thes* 
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gases. Two mass analyzer spectra were examined: one 14 
hours after the Apollo 12 landing; the other 2 months later. 

Both spectra showed good agreement with the predicted mass 
spectra for exhaust gases. When fitted to an exponential 
decay curve an e-folding time of approximately 30 days was 
obtained for the majority of the gases ("Suprathermal Ions 
Near the Moon", Freeman et al ., 1972, Appendix 3-9). This 
study has not been completed. The lifetimes of individual 
gases have not been examined in detail nor have the data 
from the Apollo 14 and 15 SIDEs been carefully examined with 
a study of exhaust gases as the principal object. 

Synoptic and Secular Studies and Transient Events 

Due to the sporadic nature of the lunar ionosphere 
measurements it has been difficult to make secular and 
synoptic measurements. It has been observed, however, that 
ion densities computed from data taken about 6 months after 
the deployment of the Apollo 15 Instrument are about a 
factor of 10 higher than those computed from data taken 2 
years after deployment. The numbers quoted earlier in this 
report are from the later data. These agree with the 
neutral number densities for neon found by the Lunar 
Atmospheric Composition Experiment on Apollo 17 [Hoffman et al. , 1973]. 

A possible explanation for this apparent change is 
calibration drifts in the instruments. Several independent 
tests of the long term calibration integrity are under way 
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but have not been completed. An alternative explanation 
is that the early data are in some way still affected by 
contaminants from the landing or a locally enhanced neon 
flux due to the heating of the lunar surface by the rocket 
plume. A final possibility is that there has occured a 
natural secular variation in the atmospheric neon 
concentration. We will withold Judgement on this until all 
possibilities have been thoroughly investigated. 

In 1973 we reported a 14-hour period during which water 
vapc. ions dominated the ion mass per unit charge spectrum 
at the Apollo 14 site ("Observations of Water Vapor ions at 
The Lunar Surface", Freeman et al ., 1973* Appendix 3-10). 

By examining all possible sources of contamination and 
extra-lunar sources, we concluded that the ions were 
probably of lunar origin. Since this time no additional 
water vapor events have been found. Consequently it appears 
unlikely that the water vapor came from a lunar source, 
although the details of the ion production are still 
unclear. Aside from this enigmatic event no evidence exists 
in the SIDE data for transient events. 

Penetrating Sol a r Particles 

The SIDE was designed to measure 10-3500 eV ions which 
enter the detector aperture. However, particles of 
sufficiently high energy can penetrate the instrument from 
any direction and be detected. Such was the case during the 
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intense solar flare activity of early August, 1972. High 
energy solar protons produced by the flares constituted an 
isotropic flux by the time they reached the vicinity of 
Earth, and were recorded by the SIDES although the 
instruments were on the night side of the moon. The 
penetrating particles produced a high counting rate in all 
channels of all three SIDEs, and the event was observed for 
several days. A most unusual feature of the event was a 
sudden sharply increased flux which lasted for about two 
hours and ended as suddenly as it began. This so-called 
"square wave" was discussed in "The Solar Cosmic Ray 
Square-Wave of August, 1972" by Medrano et al ., 1975 
(Appendix 3-11), as well as in earlier conference reports 
and collected papers on the topic, and in the Ph.D. thesis 
of Medrano. Other instruments on several other spacer raft 
have also reported such observations and multi-spacecruft 
intercomparisons may shed more light on the nature of the 
disturbance which produced this event. 

Future Research 

The success of the SIDE experiments is characterized by 
the variety of phenomena the data provide information about. 
This wide range of phenomena has made it difficult to find 
time to examine all the phenomena in great depth. A great 
deal of data analysis remains to be done. The in depth 
study so far has been limited to the lunar ionsophere. The 
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lunar surface electric potential, the night side ions, the 
magnetotail, and the bow shock data have been skimmed for 
the gross features, but a number of specific features need 
investigating further. A partial list of these is as 
follows: 

1. Investigation of the asymmetry in the lunar surface 
potential to determine its cause. 

2. Correlation between SIDE and CPLEE lunar surface 
potential data in the magnetotail. 

3. Correlation of the night side energetic ion fluxes 
with the interplanetary magnetic field to determine 
the origin of these fluxes. 

4. Correlation between the lobe plasma and magneto- 
spheric substorm data from ground and satellites. 

5. Determination of plasma sheet parameters and their 
correlation with other magnetospheric data. 

6. Statistical studies on the location of the magneto¬ 
pause and bow shock front. 

7. High resolution studies of the plasma parameters at 
the magnetopause and bow shock front. 

8. Studies of the decay rates of the individual rocket 
exhaust product gases. 

9. Investigation of the interaction between a rocket 
exhaust neutral gas cloud and the magnetosheath 
plasma. 
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10. Investigation of the cause of a background enhance¬ 
ment near the terminator possibly due to dust move¬ 
ment above the lunar surface. 

11. Investigation of long-term variations in the 
intensities of several phenomena observed. Pre¬ 
liminary work indicates definite variations due to 
seasonal and longer-term periodicities in the lunar 
orbit and directions with respect to the sun. When 
these effects can be recognized and removed, the 
magnitude of secular variations, if any, can be 
investigated. 



The ALSEP/SIDE has been a very fruitful investigation 
with the data rich in information about a variety of 
different areas. It has been a multidisciplinary experiment. 
A great deal of analysis remains to be done, particularly in 
the areas pertaining to the magnetosphere. 


4 



REFERENCES 


Burke, W. J., P. H. Reiff, and D. L. Reasoner, M The Effect of 
Local Magnetic Fields on the Lunar Photo-Electron Layer While 
the Moon is In the Plasma Sheet.” Proc. Sixth Lunai Sci. 
Conf., Geochlm. et Cosmochlm. Acta , Suppl. 6, 2., Pergamon 
Press, j.975• 

Hoffman, J. P., R. R. Hodges, Jr., F. S. Johnson, and 
D. E. Evans, "Lunar Atmospheric Composition Results from 
Apollo 17." Proc. Fourth Lunar Sci. Conf., Geochlm. et 
Cosmochlm. Acta , Supp. 4, PP. 2865-2875* Pergamon Press, 
1973. 



-16a- 


ADDENDUM to Page 17 

2.a "Lunar Atmosphere as a Source of Lunar Surface 

Elements," R. H. Manka and P. C. tfichel, Proc. Second 
Lunar Scl. Conf., Geochlm. et Cosmochlm. Acta, Supp. 2, 
2, pp. 1717-1728, 1971. 


-17- 





Bibliography of ALSEP/SIDE Research 

Papers Published 

1. "Suprathermal Ion Detector Experiment", J. W. Freeman, 

Jr., H. Balsiger , and H, K. Hills, Apollo 12 Preliminary 
Science Report, NASA SP-235, PP* 83-92, 1970. 

2. "Some Results from the Apollo 12 Suprathermal Ion De¬ 
tector", J. W. Freeman, Jr., H. K. Hills, and M. A. 

Fenner, Proc. Second Lunar Sci. Conf., Geochim. et 
Cosmochim. Acta, Supp. 2, 3, pp. 2093-2102, 1971. 

3. "Suprathermal Ion Detector Experiment (Lunar Ionospnere 
Detector)", H. K. Hills and J. W. Freeman, Jr., Apollo 14 
Preliminary Science Report, NASA SP-272, pp. 175-183* 

1971. 

4. "Plasma Sheet Ions at Lunar Distance Preceding Substorm 
Onset", H. B. Garrett, T. W. Hill, and M. A. Fenner, 
Planet. Space Sci., 1£, pp. 1413-1416, 1971. 

5. "Suprathermal Ion Detector Experiment", H. K. Hills, 

J. C. Meister, R. R. Vondrak, and J. W. Freeman, Jr., 
Apollo 15 Preliminary Science Report, NASA SP-289, 1972. 

6. "Water Vapor: Wnence Comest Thou?", J. W. Freeman, Jr., 

H. K. Hills , and R. R. Vondrak, Proc. Third Lunar Sci. 
Conf., Geochim. et Cosmochim. Acta, Suppl. 3, 2, PP* 2217- 
2230, 1972. 

7. "Energetic Ion Bursts on the Night Side of the Moon", 

J. W. Freeman, Jr., J. Qeophys. Res., 2 1 » PP* 239-243, 

1972. 


-17a- 


ADDENDUM to Page 18 

15.a. "Plasma and Potential at the Lunar Surface", R. H. 

Manka, Photon and Particle Interactions with Surfaces 
in Space, pp. 429-442, D. Reidel, Pub., Dordrecht, 
Holland, 1973. 


- 18 - 





8. "Suprathermal Ions Near the Moon", J. W. Freeman, Jr., 

M. A. Fenner, H. K. Hills, R. A. Lindeman, R. Medrano 
and J. Meister, Icarus, 16, pp. 328-338, 1972. 

9. "Observations of Water Vapor Ions at the Lunar Surface”, 
J. W. Freeman, Jr., H. K. Hills, R. A. Lindeman, and 

R. R. Vondrak, The Moon, 8, pp. 115-128, 1973. 

10. ''Electric Prtential of the Moon in the Solar Wind”, 

J. W. Freeman, Jr., M. A. Fenner, and H. K. Hills, 

J. Geophys. Res., 78., PP* 4560-4567, 1973. 

11. "Suprathermal Ion Detector Results from Apollo Space 
Missions", J. W. Freeman, Jr., Space Research XIII, 
pp. 821-830, Akademie-Verlag, Berlin, Pub., 1973. 

12. "The Electric Potential of the Lunar Surface", M. A. 
Fenner, J. W. Freeman, Jr., and H. K. Hills, Proc. 

Fourth Lunar Sci. Conf., Geochim. et Cosmochim. Acta, 
Supp. 4, 2, pp. 2877-2887, 1973. 

13. "Ions from the Lunar Atmosphere", R. Lindeman, J. W. 
Freeman, Jr., and R. R. Vondrak, Proc. Fourth Lunar 
Sci. Conf., Geochim. et Cosmochim. Acta, Supp. 4, 2,» 
pp. 2888-2896, 1973. 

14. "Lunar Ion Energy Spectra and Surface Potential", 

R. H. Manka and F. C. Michel, Proc. Fourth Lunar Sci. 
Conf., Geochim. et Cosmochim. Acta, Supp. 4, J, pp. 
2897-2908, 1973. 

15. "Lunar Ion Flux and Energy", R. H. Manka and F. C. 
Michel, Photon and Particle Interactions with Surfaces 
in Space, pp. 429-442, D. Reidel, Pub., Dordrecht- 
Holland, 1973. 


-19- 




„ in the Solar Wind” 

16. "The Electric Potential of the Moon , J. W. Freeman, Jr., 

M. A. Fenner and H. K. Hills, Photons and Particle Inter¬ 
actions with Surfaces in Space, pp. 363-368, D. Reidel, 
Pub., Dordrecht-Holland, 1973* 

17. "Penetrating Solar Flare Particle and Solar Wind Obser¬ 
vations in the Lunar Night, August, 1972", R. A. Medrano, 

J. W. Freeman, Jr., H. K. Hills, and R. R. Vondrak, Col¬ 
lected Data Reports on August, 1972, Solar-Terrestrial 
Events, H. E. Coffey, Editor, pp. 361-370, Report UAG-28, 
Part II, World Data Center A for Solar-Terrestrial Physics, 
Boulder, Colorado, 1973* 

18. "The Interaction Between an Impact-Produced Neutral Qas 
Cloud and the Solar Wind at the Lunar Surface”, R. A. 
Llndeman, R. R. Vondrak, J. W. Freeman, and C. W. Snyder, 

J. Geophys. Res., 2£, pp. 2287-2296, 1974. 

19. "Measurements of Lunar Atmosphere Loss Rate", R. R. Von¬ 
drak, J. W. Freeman, and R. A. Llndeman, Proc. Fifth 
Lunar Scl. Conf., Geochlm. et Cosmochim. Acta, Supp. 5, 

2, PP. 2945-2954, 1974. 

20. "Creation of an Artificial Lunar Atmosphere", R. R. Von¬ 
drak, Nature, 248 . pp. 657-659, 1974. 

21. "The Solar Cosmic Ray Square-Wave of August, 1972”, 

R. A. Medrano, C. J. Bland, J. W. Freeman, H. K. Hills, 
and R. R. Vondrak, J. Geophys. Res., 80, pp. 1735-1743, 
1975. 

22. "A New Plasma Regime In the Distant Geomagnetic Tall”, 


O 


D. A. Hardy, H. K. Hills, and J. W. Freeman, Geophys 
Res. Let., 2, pp. 169-172, 1975. 



20 


23* "The Lunar Terminator Ionosphere", J. Benson, J. W. Free¬ 
man, and H. K. Hills, Proc. Sixth Lunar Sci. Conf., 
Oeochim. et Cosmochim. Acta, Supp. 6, 1975* 

2*t. M Davrn-Dusk Magnetosheath Plasma Asymmetries at 60 R E "» 

M. A. Fenner and J. W. Freeman, J. Geophys. Res., 1975. 

25. "Lunar Electric Fields, Surface Potential and Associated 
Plasma Sheaths", J. W. Freeman and M. Ibrahim, The Moon, 
2, pp. 368-379, 1975. 

26. "Energetic Lunar Nighttime Ion Events", H. E. Schneider 
and J. W. Freeman, The Moon, 2, pp. 297-303, 1975. 

27. "Bow Shock Protons in the Lunar Environment", J. Benson, 
J. W. Freeman, H. K. Hills, and R. R. Vondrak, The Moon, 
2, pp. 290-296, 1975. 


- 21 - 


Theses (Rice University) 

1. “A .^rathermal Ion Accelerator 11 , Dav' i Thad Young, M.S., 
196? (127 pages) 

2. "Design find Calibration of the Sut-'^thermal Ion Detector 
Experiment (SIDE)", Robert f-h.^.ne, M.S., 1969 (72 pages). 

3. "Solar Plasma Disturbance Observed by a Suprathermal Ion 
Detector on the Moon", Rene A. Medrano-Balboa, M. S., 1971 
(84 pages). 

4. "Recurring Ion Events at the Lunar Surface", Robert A. 
Llndeman, M. S., 1971 (68 pages). 

5. "Magnetosheath Plasma at 60 Rg", Martha Ann Fenner, M.S., 

1971 (88 pages). 

6. "Lunar Atmosphere and Ionosphere", Robert Hall Manka, Ph.D., 

1972 (141 pages). 

7. "Unusual Solar Wind and Solar Proton Events Observed on 
the Lunar Surface", Rene A. Medrano-Balboa, Ph.D., 1973 
(153 pages). 

8. "Observation of Ions from the Lunar Atmosphere", Robert A. 
Llndeman, Ph.D., 1973 (115 pages). 

9* "Observations of Magnetosheath Plasma at the Lunar Orbit", 
Martha A. Fenner, Ph.D., 1974 (70 pages). 

10. "Observation of Low Energy Protons In the Geomagnetic Tall 
at Lunar Distances, David A. Hardy, M.S., 1974 (47 pages). 

11. "Observations of Bow Shock Protons at the Lunar Orbit", 

John L. Benson, M.S., 1974 (174 pages). 

12. "An Observation of Lunar Nighttime Ions", Henry Emil 
Schneider, M.S., 1975 (39 pages). 


- 22 - 


13. 


"The Electric Potential of the Lunar Surface", Mohamed 
Esam Ibrahim, M.S., 1975 (41 pages). 



-23- 


Papers Presented at Scientific Meetings 

1. Preliminary Results from the Apollo 12 ALSEP Lunar Iono¬ 

sphere Detector: I General Results, J. W. Freeman, 

H. Balsiger, and H. K. Kills, 51st Annual A.G.U. 
Meeting, Washington, D. C., April, 1970. 

2. Preliminary Results from the Apallo 12 ALSEP Lunar Iono¬ 

sphere Detector: II The Ion Mass Spectrometer, H. Bal¬ 
siger, J. W. Freeman, and H. K. Hills, ibid. 

3. Energetic Protons Observed at the Lunar Surface on the 

Night Side of the Moon, H. K. Hills, J. W. Freeman, 
and H. Balsiger, ibid. 

4. Positive Ions at the Apollo 12 ALSEP site resulting from 

the Apollo 13 S-IV B lunar impact, J. W. Freeman and 
H. K. Hills, Fall annual A.G.U. Meeting,San Francisco, 
1970. 

5. Results from the Apollo 12 Suprathermal Ion Detector, 

1971 Lunar Science Conference, Houston, January, 1971. 

6. Magnetosheath Plasma Observations at the Moon's Surface, 

M. A. Fenner, H. K. Hills, R. A. Medrano. J. W. Free¬ 
man, and R. A. Llndeman, 52nd Annual A.G.U. Meeting, 
Washington, D. C., April, 1971. 

7. Ion Bursts at the Lunar Distance in the Tail Preceding 

Substorm Onset, H. B. Garrett, T. W. Hill, and 
M. A. Fenner, ibid. 

8. Recurring Ions Clouds at the Lunar Surface, R. A. Lindeman, 

J. W. Freeman, and H. K. Hills, ibid. 





-24- 


9. An Interplanetary Disturbance as Seem from the Lunar 
Surface, Rene A. Medrano, J. W. Freeman, and 
M. A. Fenner, ibid. 

10. Suprathermal Ions Near the Moon, J. W. Freeman, Jr., 

M. A. Fenner, H. K. Hills, R. Lindeman, R. Medrano, 
and J. Meister, 15th I.U.G.G. General Assembly, 

Moscow, U.S.S.R., August, 1971. 

11. Impact-generated ions observed simultaneously at widely 

separated sites on the lunar surface, J. C. Meister 
and H. K. Kills, Fall annual A.G.U. Meeting, San 
Francisco, 1971. 

12. Observed effect of an expanding gas cloud on magnetosheath 

ions at the lunar surface, R. R. Vondrak, H. K. Hills, 
and J. A. Meister, ibid. 

13. Evidence for Acceleration of Lunar Ions, R. H. Manka, 

F. c. Michel, J. W. Freeman, P. Dyal, C. W. Parkin, 

D. S. Colburn, and C. P. Sonett, 3rd Lunar Science 
Conference, Houston, January, 1972. 

14. Gases on and in the Moon, H. K. Hills, American Chemical 

Society, Boston, April, 1972. 

15. Suprathermal Ion Detector Results from Apollo Mission, 

J. W. Freeman, 15 th Plenary Meeting, COSPAR, Madrid, 
Spain, May, 1972. 

16. Observations of Lunar Module Exhaust Gases at the Lunar 

Surface, H. K. Hills, R. R. Vondrak, adn J. W. Free¬ 
man, 53rd annual A.G.U. Meeting, Washington, D.C., 
April, 1972. 


25- 




17. Energy Spectrum of Lunar Ions, R. H. Manka, F. C. Michel, 

J. W. Freeman, and H. K. Hills, ibid. 

18 . Magnetosheath Structure Observed by 3 ALSEP/SIDE Plasma 

Detectors, M. A. Fenner, J. W. Freeman, H. K. Hills, 
and R. Lindeman, ibid. 

19* Fine Structure of a Solar Flare Associated Shock Wave, 

R. A. Medrano, J. W. Freeman, and R. R. Vondrak, 
ibid. 

20. Suprathermal Ion Detector Results from Apollo Missions, 

H. K. Hills and J. W. Freeman, Jr., IAP Technical 
Session, 24th International Geological Congress, 
Montreal, August, 1972. 

21. Penetrating Particles on the Night Side of the Moon 

Associated with the August, 1972, Solar Flares, 

R. A. Medrano, J. W. Freeman, and H. K. Hills, Fall 
annual A.G.U. Meeting, San Francisco, 1972. 

22. Observations of an Anomalous Neutral Gas—Solar Wind 

Interaction at the Lunar Surface, R. A. Lindeman, 

R. R. Vondrak, and J. W. Freeman, ibid. 

23. The Electric Potential of the Moon in the Solar Wind, 

J. W. Freeman, M. A. Fenner, and H. K. Hills, ibid. 

24. Ions from the Lunar Ionosphere, R. A. Lindeman, J. W. Free¬ 

man, and R, R. Vondrak, Fourth Lunar Science Conference, 
Houston, March, 1973. 

25. Acceleration of Lunar Exospheric Ions, J. W. Freeman, 


O 


M. A. Fenner, H. K. Hills, R. A. Lindeman, and 

R. R. Vondrak, 54th Annual A.G.U. Meeting, Washington, 

D. C., April, 1973. 



- 26 - 


26. Electric Fields near the Moon, J. W. Freeman, 2nd General 

Scientific Assembly, IAGA, Kyoto, Japan, September, 
1973. 

27. The Solar Energetic Particle Square Wave During the August, 

1972, Solar Storm, R. A. Medrano, C. J. Bland, and 
J. W. Freeman, ibid. 

28. Loss of Gases from the Lunar Ionosphere, R. R. Vondrak, 

R. A. Lindeman, and J. W. Freeman, Fall annual A.G.U. 
Meeting, San Francisco, 1973. 

29- Measurements of Lunar Atmospheric Loss Rate, R. R. Vondrak, 
J. W. Freeman, and R. A. Lindeman, 5th Lunar Science 
Conference, Houston, March, 1974. 

30. Electric Field Acceleration of Lunar Exospheric Ions, 

J. W. Freeman and R. R. Vondrak, 55th Annual A.G.U. 
Meeting, Washington, D.C., April, 197 1 *. 

31. Observation of Bow Shock Protons at the Lunar Orbit, J. L. 

Benson, H. K. Hills, J. W. Freeman, and R. R. Vondrak, 
ibid. 

32. Low Energy Protons in the Geomagnetic Tail, D. A. Hardy, 

H. K. Hills, and J. W, Freeman, ibid. 

33. Dawn-Duek Magnetosheath Plasma Asymmetries at 60 R £ , 

M. A. Fenner and J. W. Freeman, ibid. 

34. Energetic Lunar Nighttime Ion Events, H. E. Schneider and 

J. W. Freeman, Conference on Interactions of the 
Interplanetary Plasma with the Ancient and Modern 
Moon, Lake Geneva, October, 197 1 *. 



-27- 


35. Bow Shock Protons in the Lunar Environment, J. Benson, 

H. K. Hills, J. W. Freeman, and R. R. Vondrak, ibid. 

36 . First Observation of Low Energy Protons in the Geomagnetic 

Tail at Lunar Distance, D. A. Hardy and o W. Freeman, 
ibid. 

37. Electric Fields, The Lunar Electric Potential and Plasma 

Sheath Effects, J. W. Freeman and M. Ibrahim, ibid. 

38. The Lunar Ionosphere, R. R. Vondrak and J. W. Freeman, ibid. 

39. Lunar Electric Models and Applications to Planets, R. H. 

Manka, ibid. 

HO. Low Energy Plasma in the Geomagnetic Tail at Lunar Distance: 
I General Features, D. A. Hardy, H. K. Hills, and 
J. W. Freeman, Fall Annual A.G.U. Meeting, San Fran¬ 
cisco, December, 1974. 

41. Low Energy Plasma in the Geomagnetic Tail at Lunar Dis¬ 

tance: II Joint Observations, P. R. Moore, D. A. 

Hardy, and W. J. Burke, ibid. 

42. The Lunar Surface Potential and Plasma Sheath Effects, 

J. W. Freeman, H. K. Hills, and M. Ibrahim, ibid. 

43. Low Energy Mass Spectra of the Lunar Ionosphere, J. Benson 

and J. W. Freeman, ibid. 

44. The Lunar Ionosphere, J. Benson, J. W. Freeman, H. K. Hills, 

M. Ibrahim, and H. Schneider, 6th Lunar Science Con¬ 
ference, Houston, March, 1975. 

45 . Low Energy Plasma in the Tail Lobes, D. A. Hardy, J. W. 

Freeman, and H. K. Hills, Conference on Quantitative 
Magnetospheric Models, LaJolla, California, May, 1975. 







- 28 - 




46. Lunar Ion Energy Spectra Produced by Interplanetary 

Electric Field Acceleration, J. Benson, J. W. Free¬ 
man, Spring Annual A.G.U. Meeting, Washington, D.C., 
June, 1975. 

47. Plasma Sheet Protons at Lunar Distance, H. K. Hills and 

D. A. Hardy, ibid. 

48. Detailed Analysis of Low Energy Plasma in the Geomagnetic 

Tail at Lunar Distance, D. A. Hardy, H. K. Hills, and 
J. W. Freeman, ibid. 

49. Low Energy Proton Regime in the Geomagnetic Tail at Lunar 

Distance, H. K. Hills, D. A. Hardy, and J. W. Freeman, 
Tenth ESLAB Symposium (IMS), Vienna, Austria, June, 
1975. 



9. 


SOPRATHERMAL ICN DETECTOR EXPERIMENT 


The suprathermal ion detector experiment (SIDE) was 
designed to achieve the following objectives: (1) provide 
information on the energy and mass spectra of the positive 
ions close to the lunar surface (the lunar exosphere) , (2) 
measure the flux and energy spectra of positive ions in the 
■agnetotail and magnetosheath during the periods when the 
Moon passes through the magnetic tail of the Earth, (3) 
provide data on the plasma interaction between the solar 
wind and the Mcon, and (4) determine a preliminary value for 
the electric potential of the lunar surface. 


DESCRIPTION 


Three SIDE instruments were deployed (at the Apollo 12, 

14, and IS sites). The SIDE consists of two positive-ion 
detectors, the mass analyzer (HA) and the total ion detector 
(TID). Both use curved plate analyzers for energy per unit 
charge discrimination. The MA also uses a Wien velocity 
filter (crossed electric and magnetic fields), because 
knowledge of the energy per unit charge and the velocity is 
sufficient to allow determination of the mass per unit 
charge. The MA measures a 20-channel mass spectrum at each 
of six energy levels: 48.6, 16.2, 5.4, 1.8, 0.6, and 0.2 
eV. The mass ranges covered are approximately 10 to 1000 
atomic mass units per charge (amu/Q) for the Apollo 12 unit, 
6 to 750 amu/Q for Apollo 14, and 1 to 90 amu/Q for Apollo 

15. While each mass spectrum is being observed by the HA, 
the TID measures a 20-channel differential energy spectrum 
(including all masses) from 3500 eV/Q down to 10 eV/Q. Each 
20-channel spectrum is obtained in 24 sec. 

Each detector has a field of view that is roughly a 
square solid angle, 6° on a side, iurerous commands are 
possible, some of which allow certain measurements to be 
omitted to devote more time to ottir reasurements. To 
establish electrical reference to ’•he lunar surface, a wire 
screen (the lunar-surface ground = in figure 9-1) is 
deployed on the surface beneath th? SIDE. This screen is 
connected to the SIDE ground throu . \ power supply that can 
cycle through 24 steps from - 2‘ 7 .6 : *-27. 6 7. The effects 

of stepping this voltage thresh ; ■ • - vole can ie used in 
certain circumstances to det-: . Lunar-s :rface 

potential. A schematic diai;. SIDE instrument is 
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shown in figure 9-1, a cutaway view of the SIDE in figure 
9-2, and the SIDE as deployed at the Apcllo 12 and 14 sites 
in figure 9-3. 

The look direction of each instrument was angled 15° tj 

east (Apollo 14 and 15) or west (Apollo 12) from the local 
meridian plane. The Apollo 15 instrument (at latitude 26° 

8) was deployed tilted 26° from vertical toward the south, 
so that the sensor look directions of all three instruments 
included the ecliptic plane (fig. 9-4). 


OPERATIONAL HISTORY 


This section summarizes the time periods when the 
instruments were in full operation and returning science 
data. Periods when only housekeeping data were returned are 
not included. The design goal was full operation 
continuously after an initial period to allow for outgassing 
during the lunar daytime. Summaries of SIDE operation for 
Apcllo 12, 14, and 15 are as follows. 


) 

) 

) 

) 

) 

) 

) 


Apollo 12 SIDE 


BSliSi 

Hoveaber 19 and 20, 1969 
December 1969 to January 1970 

February 1970 to August 1972 


£££££i££4on 

Deployment and operation 
during mission activities. 

Operation during lunar night 
(and a short time before 
and after). 

Operation during lunar night, 
plus cyclic operation for 
approximately 10 days 
centered on local noon. 

Cyclic operation involves 
2 br on and 10 hr, or more, 
off. More coverage was 
obtained during continuous 
real-time succcrt of Apollo 
lunar surfac® exoerinents 
package (h!.5“~) missions 
(i.e., the first 45 days of 
the mission). 




j 

i 



\ 
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September 1972 to August 1973 Operation as for preceding 

period but with intermit¬ 
tent loss of data during 
lunar night (for periods 
of sinutes to periods of 
aany days) during the 
■onths of September, Rov- 
eaber, and December 1972, 
and during January, June, 
and August 1973. 


Apollo 14 SIDE 


February 5 to 7, 1971 
February 1971 to July 1971 

August 1971 to October 1971 

Roveaber 1971 to Harch 1973 
April 1973 to August 1973 


fiSSSri^tisn 

Deployment and operation 
during sission activities. 

Operation during the night 
and part of the day but 
off for approxiaately 8 
days centered on noon. 

Operation as for preceding 
period, plus short cycles of 
operation periodically for 
approxiaately 8 days near 
noon. 

Continuous operation. 

Operation during the night 
froa approxiaately 1 day 
before sunset until sunrise. 


July 31, 


Apollo 15 SIDE 


ESl4fi£ 

1971 to August 3, 


J&) 

19^yDei 


ES55Ei£ii2H 


Deployaent and 
during aission 


operation 

activities. 


August 1971 to Septeaber 1971 Operation except during 

approxiaately 10 days 
centered on local nocn. 



I 

I 


October 1971 to Noveaber 1971 Operation as for preceding 

period, pins short intervals 
of operation interait* 
tently for approxiaately 

4 to 7 days near noon. 

Deceaber 1971 to April 1972 Operation except during 3 to 

5 days centered cn lccal 
noon. 

Hay 1972 to August 1973 Continuous operation. 


DATA SETS AND AVAILABILITY THROUGH NSSDC 


The following list gives the SIDE data sets, their 
fora, and their availability through the National Space 
Science Data Center (NSSDC). 


fidis-ssi Isis luilafciUsi 



Machine plots (HA 16-nn 

and TID on sane file 

plot) of count* 
ing rates as a 
function of 
fraae nuaber 


aicro- Data for tiaes after 
about August 1972 
are (or soon will 
be) available at 
NSSDC. Data for 
tiaes froa about 
June 1971 to Aug* 
ust 1972 will be 
available at NSSDC 
after production 
of copies. 



2. Listings of count* 16*aa aicro* Saae as preceding 
ing cates as a fila set. 

function of 
fraae nuaber, 
with liaited 
aaount of bouse* 
keeping data 


3. Hachine plots 
(three* 
diaensional) 
of TID average 
energy spectra 
as a function 
of tiae 


76 by 91 ca All data will event- 
(30 by 36 in.) ually be available 
paper at NSSDC. 
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w 

4. 

Machine plots 
(three- 
dimensional) 
of BA average 
nass spectra 
as a function 
of tiae 

76 by 91 ca 
(30 by 36 in.) 
paper 

Saae as preceding 
set. 


5. 

TID spectra as a 
function of 
tine 

Digital, 

magnetic 

on 

tape 

Sane as preceding 
set. 


6. 

BA spectra as a 
function of 
tiae 

Digital, 

magnetic 

on 

tape 

Sere as preceding 
set. 


7. 

Engineering 
para aeters 

Digital, 

magnetic 

on 

tape 

Data for tiaes 
after about June 
1971 will be 
available at 

NSSEC. 


8. 

TID and BA data, 
including every¬ 
thing telea- 

Digital, 

magnetic 

on 

tape 

Data available only 
at Bice University. 


u 

/ 

> 

) 

) 


' ; 

) 

4> 


etered froi 
SIDE, plus eval¬ 
uations of data 
quality and in¬ 
strument node 
of operation. 
Called "HPAK" 
by Bice Uni¬ 
versity. 


DESCBIPTION OP BSSDC DATA TAPIS 


Data tapes are standard 731.5-» (24QC ft), 1.27-c** (0.5 
in.), 7-track IBM-compatible tapes, recorded at -'* bci with 
odd parity. Herds are 24-bit binary integers with negative 
nuabers represented as 2's coapleaent; with 23 ?iri words 
per logical record (for both BA and TID). "hy 
are fixed-length, blocked, with 100 logical r=*:- • -r 

physical record, and with no record-length I- 
control words. There is only one file per r-* 

standard tapeaark is written after the la;i*. record. 

The last reel of a calendar year's data i -:•? that 

will have less than a full reel and the o: - will 
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have less than ICO logical records in its last physical 
record. The TID and HA data are written on separate tapes 
but have alnost identical foraats; the first word in the 
logical record allows then to be distinguished froa each 
other. The 28 words in a logical record contain tiae, 20 
channels (aass for MA, energy for TID) of accumulated 
counts, and housekeeping parameters (including energy for 
the MA data). Wher_ reliable data are not available, the 
value -1 is inserted. 


SUMMARY OP PRINCIPAL RESULTS 


L ui\ar ions accelerated by the solar-wind-induced 
field (E * - X jjf B ) were observed (where r* is the electric 
field and -v* ^ B is the negative cross product of velocity 
and nagnetic field). 

2. During lunar night, 1 to 3 keV protons (considered 
to be protons froa the bow shock of the Earth) were 
observed. 

3. Ion aass spectra due to the LM «~xhaust gas were 
observed, and the intensity decay rate was determined. 

4. nultisite observation was aade of the energetic 
ion characteristics in the Earth aagnetosheath and at its 
boundaries, and correlation with geomagnetic activity was 
made. 


5. The effects of the lunar nodule (LH) ascent engine 
exhaust on aagnetosheath ion fluxes were observed. 

6. Multisite observations of apparent motions of ion 
'•clouis" related to lunar impact events and observations of 
aass spectra during the events were aade. 

7. ion fluxes were monitored during local solar 
eclipcss; no changes were observed. 

8. Energetic ions were observed during lunar night 
when the site was shielded froa the solar-wind direction. 

9. Observation of io events near terminators 
suggests a turbulent region of solar-wind plasma interaction 
with the solid Boon. 

1C. Positive ion fluxes were monitored while in the 
oeonagnatic tail and correlated with geomagnetic storm 

activity. 
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11. Hass spectra of ions were obsi rved fros the 
avbient atsosphere, including a single observation of water 
vapor ions, possibly of natural origin. 

12. The electric potential of the lunar surface was 
deternined (a) in the sagnetosheath or solar wind and (b) 
near the teminators. 

13. Solar wind was observed during interplanetary 
sterns. 


10. Penetrating ions fron solar flares were observed. 
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Lunar-surface ground plane 

Figure 9-1.- Schematic diagram of SIDE. 



Figure 9-2.- Cutaway view of SIDE. 
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SUPRATHERMAL ION DETECTOR EXPERIMENT 


(Lunar Ionosphere Detector) 

This report reviews the lunar surface operation of 
the Suprathermal Ion Detector Experiment (SIDE) and gives 
the status of the experiment as of September 1, 1970, in¬ 
cluding observations of scientific and engineering interest 
which have been made since the 45-day preliminary report 
(reference 1). The SIDE is designed to achieve the 
following experimental objectives: 

(1) Provide information on the energy and mass 
spectra of positive ions close to the lunar sur¬ 
face, whether these ions are of natural origin 
such as the moon or the solar wind, or are due 
to the Apollo vehicle and life-support systems. 

(2) Measure the flux and energy spectrum of 
positive ions in the Earth's magnetotail and 
magnetosheath during those periods when the 
moon passes through the magnetic tail of the 
Earth. 

(3) Provide data on the interaction between 
the solar wind plasma and the Moon. 

(4) Determine a preliminary value for the 
electric potential of the lunar surface. 

The SIDE consists of two positive ion detectors, called 
the total ion detector and the mass analyzer . The total 
ion detector registers ions in twenty energy ranges from 
lOeV through 3500eV, and the mass analyzer covers the mass- 
per-unit-charge range 10 through lOOOamu/q (this mass range 
varies from unit to unit) with 20 channels at each of 6 energy 




levels from 0.2 to 48.6 ev. The sensor fields of view 
are roughly square solid angles 6° on a side, and include 
the ecliptic plane. The look axes are canted 15° from 
the local vertical and to the west, with the look direc¬ 
tions at various points along the lunar orbit as shown 
in Figure 1. The sensitivities of the total ion detector 
and of the mass analyzer are approximately 5 x 10*7 and 
10^ count s/s ec/amp of entering positive ion flux, respec¬ 
tively. The entrance aperture areas are approximately 
24mm^ and 16mm^, respectively. A more detailed descrip¬ 
tion of the instrument is given in the preliminary report 
(reference 1). 

Performance 

The performance of the SIDE continues to be excellent. 
All temperatures and voltages have been nominal and no new 
anomalies in operation have appeared since the preliminary 
report. The calibration signal for the total ion detector 
has been intermittent for a short time on several occasions. 
This is used as a diagnostic check on the digital logic and 
is not essential as long as the digital logic functions 
properly. 

The detector high voltage (-3.5 kv) power supply had 
to be commanded off for a period of about 11 days centered 
on lunar noon during the first three lunar cycles after 
deployment. This was done because of the spontaneous 
execution of mode change commands by the SIDE when its 
temperature exceeded some threshold value. Since these 
spurious commands were assumed to be caused by high voltage 
corona or arcing in the SIDE, probably due to outgassing as 
the temperatures increased, the high voltage was commanded 
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off after such a mode change in order to prevent further 
arcing and possible damage to components. The threshold 
temperature above which spontaneous mode changes occurred 
increased significantly (from 36° to 51°C) on the 2nd 
lunar day, apparently as outgassing proceeded. However, 
improvement has been slow since then and the current 
critical temperature range is about 50-55°C. An opera¬ 
tional method has been devised to circumvent 
this problem, and has resulted in acquisition of very 
interesting data in the earth’s tail and magnetosheath 
regions. When the SIDE temperature reaches 50-55°C, 
or after a spontaneous mode change occurs, the instru¬ 
ment power is cycled off and on, which produces a tem¬ 
perature history such as that shown in Figure 2, keeping 
the package below about 55°C and hence obtaining data 
without undue risk of high voltage arcing damage to com¬ 
ponents. In the lunar afternoon the instrument is turned 
on and left on until it is necessary to cycle it off and 
on again in the next lunar day. The duty cycle can be 
increased above what is shown in Figure 2, but a high 
duty factor has been utilized only in periods of highly 
interesting data. The remainder of the time the normal 
2hr/day real-time support periods have been utilized to 
obtain data for monitoring purposes. 

The thermal design of SIDE kept the internal tempera¬ 
tures within the desired nominal operating range of -20°C 
to +80°C. The peak operating temperatures reached 79°C 
during each of the three lunar days when the power was 
left on continuously. During the night- time the inter¬ 
nal temperatures are maintained at constant values (-9°C 
to +22 c C, depending on proximity to the heaters) by means 




of 4 watts of heater power dissipation in addition to the 
6 watts dissipated in the electronics. A study of the 
temperature vs sun-angle data from deployment until the 
present shows that there has been no degradation of the 
thermal control during this time (about 9 months). 

The Cold cathode Gauge Experiment (CCGE) electronics 
are carried in the SIDE package, and the CCGE high voltage 
(4.5 kv) power supply failed at about 14 hours after deploy¬ 
ment. Extensive testing and failure analysis of similar 
units subsequently indicated that a transistor in this power 
supply was susceptible to failure in this application due to 
transient noise. A different transistor, better suited for 
this application, has been installed in the Apollo XIV and 
XV flight units to improve the reliability of the instrument. 
Additional care has also been taken to minimize the likeli¬ 
hood of high voltage corona within the instrument. 

General Results 

Low-Energy Events 

As reported in references 1 and 2, several low-energy 
(10 to 250 eV) events were detected by the total ion deteccor 
shortly after initial turn-on of the SIDE. These ions 
appeared as intermittent clouds, several of which were 
accompanied at the outset hy higher energy ions (500 to 
750 ev). One arrival of such a cloud was coincident with 
a magnetometer variation that indicated the passage of a 
current sheet nearby. At the same time these low-energy 
events were seen by the total ion detector, the mass ana¬ 
lyzer detected ions in the 48.6 eV range, with the peak 
of the mass spectrum in the mass-per-unit-charge range of 
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lb to 50 amu/q. It should be noted that the light gases 
H, H 2 > and He cannot be detected by the Apollo XII mass 
analyzer; they can be detected only by the total ion de¬ 
tector . 

Other low-energy ion events have often been seen by 
the total ion detector only. Since the sensitivity of the 
mass analyzer is lower than that of the total ion detector, 
this could be because there were few of the heavier ions 
present, but it could also be because of the small fraction 
of the time that the energy channel of the mass analyzer 
coincides with a similar energy channel of the total ion 
detector. A study is currently in progress to investigate 
possible long-term low-level mass spectra in the mass 
analyzer data. Sometimes the ions in these low-energy 
events have rather broad spectra covering two or three 
energy channels, although frequently the spectrum is quite 
monoenergetic, with all energies falling within a single 
energy channel. 

The frequent appearance of these suprathermal ions 
suggests the operation of a general acceleration mechanism. 
One interesting possibility to speculate on is the E x B 
drift acceleration by the solar wind. This mechanism has 
been proposed as the source of large quantities of Ar^O 
found in the lunar surface samples (references ). We may 
therefore have direct evidence for such a process. 

Higher Energy Phenomena 

Reference 1 also reported the detection of high energy 
(1 to 3 kev) ions sporadically in the portion of the lunar 
orbit near, and up to 4 days after, sunset at the ALSEP 



- 6 - 


site. In the earlier part of this time period there are 
lower energy ions, also. These ions have been tentatively 
identified as protons escaping from the Earth's bow shock 
front and moving generally along the interplanetary magnetic 
field lines at the "garden hose" angle. Such observations 
have been reported at the much closer Earth orbit of the 
Vela satellites (reference 4). 

Low-energy protons escaping from the bow shock cannot 
drift upstream as close to the interplanetary field direc¬ 
tion as higher energy protons can. Thus there should be a 
change to a more energetic spectrum at later times, as is 
observed. However, the actual energies and directions of 
such escaped protons are expected to be modified in an 
unknown manne - by magnetic and electric fields in the 
vicinity of the moon, of both local and long-range scale. 

Note that the ALSEP magnetometer measures a steady 36y 
magnetic field which is probably of local origin (reference 5) 

Ions of solar wind energy observed several days before 
local sunrise, as if due to a deflection of the solar wind, 
were previously reported (reference 1). These have been 
observed each lunar cycle. Intermittent day-time events 
are also seen each cycle. 

Earth's Wake in the Solar Wind 

Beginning in February, 1970, observations were made 
during many short segments of time throughout the region 
of the Earth's magnetospheric tail and the magnetosheath 
region between the bow shock front and the tail, very 
intense ion fluxes are observed in the magnetosheath as 




the moon leaves the magnetospheric tail, while only very 
low and sporadic ion fluxes are seen in the magnetosheath 
where the moon enters the tail. The detector is looking 
roughly "upstream" parallel to the bow shock front in 
the former case, whereas in the latter the detector looks 
almost perpendicular to the shock front. In both cases 
when the moon is outside the shock front the detector 
look direction is such that the solar wind in interplanetary 
space is undetectable. The intense fluxes of ions are 
observed behind the bow shock, so they do not constitute 
the undisturbed solar wind, but rather the solar wind 
after passing through the bow shock. There is also an 
indication that effects of the solar wind interaction 
with the moon are being observed as well, a preliminary 
description of this data has been presented in reference 6. 

A general factor of the magnetosheath data is the observa¬ 
tion of three characteristic types of spectra, which appear 
at different times. Typical spectra of each of these types 
are exhibited in figure 3, each panel of which displays 
total ion detector counts per frame for three scans through 
the energy spectrum. The intensity and constancy of the 
fluxes, and the presence of higher energy ions, as listed 
in the figure, are used to characterize the different types 
of spectra shown, as a simplified description, the type I 
spectra are typically observed near the magnetopause, shortly 
after entering the magnetosheath. The more intense type II 
spectra appear later, and type III spectra are typically 
observed near the bow shock, as the moon is leaving the 
magnetosheath. 
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The magnetosheath is a very complex region, and it 
is expacted that further SIDE data from this region will 
yield extremely useful information on the interaction and 
acceleration mechanisms operating there, both in magnetically 
disturbed times and in relatively quiet times. 

Impact Events 

The impacts of the Apollo XII lunar module (LM) ascent 
stage and of the Apollo XIII S-IVB rocket, which were crashed 
into the lunar surface as known sources of seismic signals, 
both created ion clouds which were detected by the SIDE for 
periods of a few minutes. The ions observed from the LM 
impact had energies of about 250 ev to 500 ev, mainly, which 
is far above the range detectable by the mass analyzer. 
However, the ions from the S-IVB impact had energies of 
about 50 to 70 ev, and consequently were visible to the 
mass analyzer. At least 10% and perhaps most of these 
ions had masses between 10 and 80 amu/q. rfe have learned 
that an impact such as that of the S-IVB produces a gas 
cloud of sufficient density to deflect the solar wind in 
the vicinity of the impact and accelerate the gas cloud 
ions to suprathermal energies. Figure 4 shows the time 
history of the maximum intensity per channel from the 
spectra recorded at S-IVB impact. The energy corresponding 
to each channel is noted. The decrease and later increase 
in energy of the most abundant ions is of particular 
interest. A more detailed discussion of the complex 
effects on the ions of the cloud and of the solar wind 
is in preparation (references 7 and 8). 
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There have been several large natural impact events 
detected by the Apollo XII Passive Seismic Experiment 
(G. Lathan, private communication, 1970), and there 
remains the possibility that a large enough natural 
impact may occur close enough to produce a detectable 
flux of ions at the ALSEP site, in the first several 
months of operation there have been no clear ion events 
of this type. 

E clipses 

Partial lunar eclipses have occurred twice i.Fe>ruary 
21 and August 16, 1970) since the deployment of ALSEP, and 
both constituted partial solar eclipses as seen from the 
ALSEP site. The February eclipse was very slight at ALSEP 
and produced no effects discernible in the SIDE ion flux 
data. There was a cooling effect on the instrument package, 
as expected, with the temperature sensor in the CCGE package 
(in contact with the lunar surface) indicating a temperature 
drop from 364°K down to 294°K. Very interesting activity 
in the form of highly variable ion fluxes was observed in 
the SIDE data during the August eclipse. However, this 
may have been due to a time coincident intense solar flare 
event which resulted in a large magnetic storm at Earth. 

Data from additional magnetic storms and eclipses will be 
necessary to resolve this ambiguity. 

In view of the large and rapid temperature decrease 
observed during an eclipse, a total eclipse is more inter¬ 
esting than a partial one for observations of possible 
gas liberation. Thus the total lunar eclipse of February 
10, 1971 will be of special interest. It should be noted 
that Apollo XIV is scheduled for launch January 31, 1971, 



- 10 - 


and that the Apollo XII SIDE is still operating properly 
so there is a chance that both the Apollo XII and the 
Apollo XIV SIDE instruments will be able to observe this 
total eclipse. There is also a second total lunar eclipse 
in 1971 on August 6. 

Present and Future Data Analysis Activities 

The following list represents the distribution of 
effort of various project scientific personnel and their 
present areas of concentration: 

1. Dr. J. W. Freeman is analyzing the Apollo XIII 
S-IVB impact event. This analysis is nearly 
complete and a paper is in preparation that will 
be presented at the December (1970) western 
National Meeting of the American Geophysical 
Union, a paper on this subject will be submitted 
jointly with Drs. Conway Snyder and H. Kent Hills 
(for publication) (reference 7). 

2. Dr. Kent Hills is interested in the night side 
hiqh-energy phenomena. A paper on this subject 
was presented by him at the Apria (1970) National 
Meeting of the American Geophysical Union (reference 
9). A paper for publication will be in preparation 
shortly. 

3. Dr. Jtirg Meister is investigating possible SIDE 
data correlations with optical lunar transient 
events reportec by the LION network. Dr. Meister 
is an ESRO/NASA international Post-Doctoral Fellow 
who only recently arrived at Rice to work with the 
SIDE group. 

4. Miss Martha Fenner (a Rice Space Science graduate 
student) has been pursuing the data from the 
outbound magnetosheath passes. She presented a 
paper on the SIDE data from this region at the 
April (1970) National Meeting of the American 
Geophysical Uritn (reference 6). 
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5. Mr. Robert Lindeman (a Rice Space Science graduate 
student) is preparing a computer program to analyze 
low-level night side events by computing long-term 
averages. 

6. Mr. Ren4 Medrano (a Rice Space Science graduate 
student) is performing a power spectrum analysis 
to determine the origin of the mass analyzer 
counting rates seen during the lunar day. 

7. Mr. Tom Rich (a Rice undergraduate) is performing 
a hand analysis of pre-dawn solar wind energy ion- 
cloud events to determine their distribution along 
the lunar orbit. 

The following list represents a partial enumeration 

of areas awaiting detailed investigations: 

1. The ground plane voltage influence on SIDE counting 
rates. (This will provide information on the lunar 
surface electric field.) 

2. Long-term averages of the mass analyzer fluxes during 
the lunar day. 

3. Quiet-time and seasonal plasma fluxes in the magneto¬ 
tail. 

4. Analysis of lunar eclipse data. 

5. Investigation of the variation in the fluxes seen 
during large geomagnetic storms. 

6. More complete examination of the concept of a 
general acceleration mechanism for thermal ions 
ir, the lunar ionosphere (reference 8). 

7. Correlation of SIDE data with PSE data (detected 
natural impact events) and with LSM data. 

It should be noted that most of these specific areas 

of research will be greatly aided by data from the SIDE'S 

on additional ALSEP missions. This is true because of 
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the different locations and SIDE detector look directions 
planned for future ALSEP’s, hopefully with time concurrent 
data. 

Conclusion 

A brief summary of the salient features of this report 
follows. 

(1) The SIDE continues to operate normally, with no 
indication of degradation of performance or of thermal 
control capabilities. 

(2) Mass spectra of 50 ev ions were obtained soon after 
deployment. These show concentrations of ions in the 

18 to 50 amu/q mass-per-charge range. 

(3) Clouds of 10 to 250 ev ions have been detected, as 
well as other events, which suggests the operation of a 
general acceleration mechanism. 

(4) Solar wind energy ions are observed several days 
before local sunrise. 

(5) Ions of 250 to 3000 ev presumed to be protons which 
escaped from the bow shock, are observed in the time period 
between sunset and midnight. 

(6) Data on the complex features of the interaction of 
the solar wind with the earth's magnetic field and with 
the moon are being accumulated. 

(7) The Apollo XIII S-IVB impact resulted in a cloud 
of 50 to 70 ev ions being detected at the SIDE, with a 
large number of ions of mass about 10 to 80 amu/q. No 
mass data is available from the Apollo XII LM impact, 
which resulted in ions of 250 to 500 ev at the SIDE. 




(8) Two partial lunar eclipses have been monitored, but 
no ion events have been clearly attributed to an eclipse. 
High fluxes during the second eclipse may be associated 
with a large solar flare rather than with the eclipse. 
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Figure 1. The look directions of the SIDE at various 
points along the lunar orbit. The Earth 
is not drawn to scale. 


Figure 2. Temperature history during the cyclic operation 
of the SIDE. The dashed curve was taken from 
earlier times when the power was left on, and 
only the internal high voltage supplies were 
turned off. 


Figure 3. Three typical spectra observed in the magnetosheath 
region with the total ion detector. Each frame is 
1.2 seconds long, and the counts are accumulated 
in that time interval. Each panel shows three scans 
of the spectrum, starting with the 3500 ev channel, 
then repeating. Some characteristics of each type 
of spectra are tabulated below the spectra. 

Figure 4. Maximum counts per channel of the total ion 

detector during the S-IVB impact event. Each 
bar represents the maximum count in a 20-frame 
spectrum scan, and is labeled with its appro¬ 
priate energy. Note that the spectrum peak 
was at 50 and 70 ev initially, and shifted 
down to 10 ev, then increased to several 
hundred ev. 
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The extended ionosphere Is seen by the Suprathermal Ion Detector 
Experiments (SIDE) near the terminator. An analysis of the energy and 
mass spectra of these Ions accelerated by the interplanetary electric 
field indicates the following: (1) the principal ion species are in the 
mass per unit charge ranges consistent with neon and argon; (20-28 amu/q 
and 40-44 amu/q; (2) the lunar atmosphere in these mass ranges is dis¬ 
tributed exponentially; (3) the terminator region surface number density 
for Ne Is of the order of 10 cm ; (4) the terminator region lunar 
surface potential is negative from about 10 to 100 volts; and (5) this 
potential has a screening length of the order of a kilometer. 
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INTRODUCTION 


The Interplanetary electric field, continuously accelerates 
Ions generated in the lunar atmosphere by photoionization and by charge 
transfer with the solar wind. These Ions are detectable by the Supra- 
thermal Ion Detector Experiments (SIDEs) near the lunar terminators. 
Manka and Michel [1973] and Vondrak et al. [1974] have discussed the 
energy spectra of these Ions. In this paper we present a new method of 
analysis of these spectra which Includes a model of the electric field 
due to the lunar surface potential. This model and Its application to 
recent SIDE data result In a new determination of the surface number 
density of neon near the terminator and an estimate of the magnitude of 
the surface potential and its screening length. 

Theory 

The interplanetary electric field Is given by 
f i c x ®i > 

tfjw Is the solar wind velocity and the interplanetary magnetic field 
strength, can be assumed to be homogeneous over the lunar atmospheric 
scale height, 
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INTRODUCTION 


The Interplanetary electric field, f^, continuously accelerates 
ions generated in the lunar atmosphere by photoionization and by charge 
transfer with the solar wind. These ions are detectable by the Supra- 
thermal Ion Detector Experiments (SIDEs) near the lunar terminators. 
Manka and Michel 119731 and Vondrak et al, (19741 have discussed the 
energy spectra of these Ions. In this paper we present a new method of 
analysis of these spectra which includes a model of the electric field 
due to the lunar surface potential. This model and its application to 
recent SIDE data result in a new determination of the surface number 
density of neon near the terminator and an estimate of the magnitude of 
the surface potential and its screening length. 

Theory 

The Interplanetary electric field is given by 

E 1 * x “t • 

thc so ^ ar w ' ncl velocity and the interplanetary magnetic field 
strength. can be assumed to be homogeneous over the lunar atmospheric 
scale height, 
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and zero-energy intercept 
n n P 

I ■ In (^) . (5) 

If the value of is known, eq. 4 gives the scale height; and if the 
ionization rate p is also known, eq. 5 gives the surface number density 
of the neutrals n Q . Alternatively, if h is known, can be calculated 
from eq. 4. 

Now consider the effect of a second electric field resulting from 
the negative lunar surface potential at the terminator iLindeman, 1973a] 
and [Lindeman et al. , 1973b]. As seen by a detector at the lunar surface 
the positive atmospheric ions will have their energies shifted upward by 
an amount q<j> Q . Equations (1) becomes 

t(z) - qE.jZ + q<j> 0 (6) 

where 4» 0 is the magnitude of the negative lunar surface potential. This 
equation is correct only for ions created well above the screening 
length of the lunar surface electric field. Its effect is to shift the 
linear semi-log energy spectrum line toward higher energies. To correct 
for this, when evaluating the zero-energy intercept, equation (5), we 
must shift the energy axis by an amount q4> Q . The pn Q product can then 
be determined from eq. 5. However eq. 5 is not strictly valid at c = 
q$ 0 so that pn Q determined from this eq. is an estimate. 

We can improve the analysis of the spectrum by modeling the height 
distribution of the lunar surface electric field and if a successful fit 
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to the data Is obtained the parameters of the fitting function are 
determined directly. 

We model the surface field by assuming an exponential height distribution 
of the form 




4>(z) * <t» 0 exp l-z/A] 


(7) 


where A is the screening length. The Ion energy at the surface will be 
given by 

e(z) = q(E i z + (l-exp(-z/A))) (8) 

and the differential flux by 


dJ( z ) = V ex P( .:, ? . / h) 


de 


q(E. + exp(-z/*)1 

1 x* 


(9) 


In this case the flux as a function of energy e can be obtained by 
plotting eq. 9 vs. eq. 8. 

For z»x eqs. 8 and 9 reduce to 


c(z) = qE.jZ + q $ 0 


in agreement with eq. (6) and 


do - ,V. - 2 / h 

de " ( qE7 )e 


( 10 ) 
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Solving (10) for z and using this in (11) gives, 

H » 0 

s ( ^7> e ' qE<h < 12 > 


Z»X 


or 


*n #) = infer) - 1 

de z»x qE -‘ 


qE.I 


(c -q* 0 ) 


(13) 


It is clear from eq. 13 that eq. 4 is still valid for the slope. Hence 
can still be estimated from the slope if h is known. When eq. 13 is 
evaluated at e = q$ o , the intercept is given by eq. 5 in agreement with 
the ideas discussed above. 

The method of analysis of the data in the next section was to 
estimate the parameters of the fitting function (equations 8 and 9) from 
the data using eqs. 4 and 5. The final value of the parameters pn Q , E^, 
<|> 0 and X were determined from the fit. 


Observations 

Figure 1 shows a \f x B. event observed by the Apollo 15 SIDE in 
1974. The portion of the curve above about“70 eV is linear as predicted 
by equation 3 or equation 13. The flux below ^70 eV/q is depleted due 
to a strong negative surface potential existing at the time of this 
event, i.e. the energy spectrum has been "shifted" by an amount approxi¬ 
mately equal to q^. The SIDE mass analyzer shows the ions in this 
event to have mass 20 amu/q (see inset of figure 1). This event occurred 
at a solar zenith angle of * 71 # where the surface temp of - 284°K gives 


a scale height for neon of ^73 km. The measured slope is : .011 which 
gives a value of about 1.25 V/km for Ej. A typical solar wind velocity 
of 400 km/sec and typical ft. of 5y yields E. = 2V/km. Other ^ x §. 

I i 5W 1 

-f 

events have been analyzed where E^ was available from knowledge of the 

interplantiary magnetic field strength and solar wind velocity with the 

result that the calculated value of the scale height generally agrees 

with the theoretical value. Hence, the procedure of using the theoretical 

scale height and the measured slope to calculate E.. is justified. The 

curve in figure 1 was obtained from eqs. 8 and 9 using ♦ “ 50 V, * = 4.0 

-3 -l 

km, E.. * 1.4 V/km, h = 73 km and pn Q * *006 cm sec . 

Using the value p ■ 1.1 x 10“^ sec~\ the total ionization rate 
from photoionization, solar wind impact ionization and solar wind charge 
exchange (Siscoe and Mukherjee, 1972) for neon gives 

n Q 5 5.4 x 10 4 cm" 3 (14) 

This value of n Q is consistent with the results of Hoffman et a l. 1973 

who report data from the Lunar Atmospheric Composition Expe ?nt 

4 -3 

indicating 8.7 x 10 cm near the terminator. 

A second event of this type observed on day 43 of 1974 is shown In 
figure 2. The exponential nature of the ionosphere is again clearly 
shown by the linear portion of the curve above * 60 eV/q. A strong 
negative surface potential is also evident in the spectrum; the flux is 
depleted below about 50 eV/q. This event occurred at a solar zenith 
angle of -68° which implies a scale height for Ne of ~ 75 km. The 
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scale height coupled with the slope gives a value of 1.3 V/km for E... 

V 

The smooth curve in figure *was computed from eqs. 8 and 9 with <j> 0 * 50 

V, X = 1700m, = 1.3 V/km, h = 75 km and pn Q = .011 cnf 3 sec'^. The 

simultaneous mass spectrum for this event showed the dominant mass to be 

20 

20 amu/q so that if the value of p given above for Ne is used with the 
fitted pn Q product, the surface number deni sty of the neutrals is 

n Q 8 1.0 x 10 5 cm’ 3 (15) 

When the interplanetary electric field strengthens, the slope of 

this type of spectrum becomes flatter for the same value of the scale 

height. Figure 3 shows an event observed on day 289 of 1973 at a solar 

zenith angle of ~ 64° where the Ne^ scale height is * 78 km. The 

calculated value of E^ for this event is 3.8 V/km which is somewhat 

larger than the previous events and is due to the flatter slope of this 

spectrum. The curve in figure 3 was obtained with $ Q = 45 V, x = 1370 

-3 -1 

m, E^ = 3.8 V/km, k = 78 km and pn Q = .015 cm sec . The resulting 
value of the surface neutral number density is then 

n Q s 1.4 x 10 5 cm" 3 (16) 

Other x events have been observed by the Apollo 15 instrument in 

1973 and 1974 that give similar results. That is, a surface number 

5 -3 

density for neon of the order of 10 cm , ♦ a few tens of volts negative 
and X of the order of a kilometer. The detailed analysis of all of the 
data is not complete at this writing, but the events presented here may 
be considered representative of the data set. 



9 


All of the sunset terminator regions (beginning ~3 days before 
local sunset and continuing to sunset) in 1973 and through day 251 of 
1974 for Apollo 15 have been searched for V„. x B. events with the 
result that 14 events have been found for which simultaneous mass 
spectra exist. These are considered to be "high quality" events. Many 
other events exist in these regions that appear to be V $w x events 
. but for which no simultaneous mass spectrum exists. These "no-mass" 
spectrum events will be used in future analyses to enlarge the data base 
•on the assumption that the principal component of the mass spectrum is 
neon. Not all of the high quality events have been analyzed to determine 
the parameters but an estimate of the surface number density for neon 
has been made from these spectra. The events presented in this paper 
are predominantly neon but many of the other observed spectra indicate 
that more than one gas is contributing to the spectrum. Work is presently 
in progress to determine if these spectra can be fit adequately assuming 
a multicomponent atmosphere. 

The value of the surface number density of the neutral neon atoms 

5-3 

(* 10 cm ) determined from the present analysis is about a factor of 10 
less than reported from earlier SIDE data. The data discussed by 
Vondrak et al. (1974 ) were taken less than 6 months after deployment, of 
the Apollo 15 instrument while the present data were taken more than 2 
years after deployment. At present we do not understand the reason for 
this discrepancy. We hope to resolve this problem by examining data 
from the period between the earlier and the later data. 

The investigation of the electric potential distribution versus 
height using this technique is a separate line of research and will not 
be discussed in detail here. 
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The other type of ionospheric ion event observed in the terminator 
regions is due to acceleration by the lunar surface potential alone. A 
typical example of one of these events is shown in figure 4. These 
monoenergetic low-energy ions provide good mass spectra which aid in 
determining the composition of the ionosphere and the magnitude of the 
lunar surface potential. However, the narrow peaks of the spectra make 
an analytical representation of these events difficult. 

An analysis of nine terminator regions in 1973 and 1974 shows that 
the only consistently present components of the mass spectra in lunar 
surface potential type events are 20-28, 28-40, 40-44 amu/q ions (the 
SIDE mass analyzers are not well suited for the detection of masses 
below 10 amu/q). 


, Summary 


The results contained in this description of the lunar terminator ion 
environment may be summarized as follows: 

A model is proposed to explain the dominant features of the V Jw 
x spectra that are observed in the terminator regions. This model 

*> 4 

uses an exponential atmqfj|here, the vertical V $w x electric field, 
and an exponentially decreasing potential distribution near the surface 
A reasonable fit to the V $w x B^ spectrum can be obtained which yields 
the parameters pn Q , E^, 4> 0 and The form of the observed spectra 
confirm the exponential distribution of the neutral atmosphere in the 
observed mass range. The lunar surface potential as determined from 
the \^ sw x tf.. spectra is often found to be a few tens of volts negative 



I 


n 

at a solar zenith angle of ~ 70° and the scale size A of the distribution 
is of the order of 1 km. The analysis of several V x B. spectra with 

5W I 

a dominant mass of 20 amu/q shows that the neutral number density n. is 
5 -3 

of the order of 10 cm . Earlier SIDE data indicate a higher value. 

The lunar surface potential events provide good mass spectra wlr’ch 
show that the dominant constituents of the lunar ionosphere which are 
observable by the SIDE are ions of mass 20-28, 28-40, and 40-44 amu/q. 
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Figure Captions 

Figure 1. Fit of the theory to an observed V $w x spectrum. 
The inset shows that the dominant mass for this 
event is 20 amu/q. The circles connecter by a dashed 
line represent the results of the calibration for 
20 amu/q particles normalized to the observed counts. 

Figure 2. V $w x event observed on day 43 in 1974 by 
the Apollo 15 SIDE. The smooth curve is a fit to 
the data with = 50 V, h = 75 km, * * 1700 ni 
E.. = 1.3 V/km and pn Q = .011 cm"^. 

■* ♦ 

Figure 3. V $w x event with stronger interplanetary field. 
The fit to this spectrum was made with ♦ * 45 V, 
h = 78 km, * = 1370 m E^ = 3.8 V/km and pn Q = .015 cm"^. 

Figure 4. Typical lunar surface potential event showing 
simultaneous energy and mass spectra. The appearance 
of the counts in the 20 eV/q channel is interpreted 
to mean that the magnitude of the negative lunar surface 
potential is 20 V. The counts are summed over 16 spectra 
taken over ~ 1/2 hr. 
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The electric potential of the lunar surface 

M. A. Fknnkr, J. W. Frkf.man, Jr. .and H. K. Hu i s 

Department of Space Sciciu c 
Rice University 
Houston, Texas 771KU 

Abstract- Aiw deration anil detection of the lunar thermal ionus|iticie in the pitsuicc ot the lunar 
elecliic liekl yields a value of at least HO volts for the lunar elcUrk potential fot solai /u»ith angles 
between approximately 20° and AS and in the magnetosheath ot mi|.u wind \n enh.uued positive ion 
flux is observed with the ALSEP Suprathermal Ion Detector when a pie aiccleulion vt hage attains 
certain values. This enhancement is greater when the moon is m ihe sol.u wind .is opposed to the 
magnetoshealh 


Ini koduction 

Thkoki ik m m i dh s of the electric potential of the sunlit lunar surface in the 
presence of the solar wind have predicted values ranging from + 20 volts down to 
a few volts positive. Originally, Opik and Singer (I960) proposed a value of about 
+ 20 volts. More recently Grobman and Blank (I%9) revised this estimate down¬ 
ward by about an order of magnitude and finally Manka (1972) has estimated a 
value near + 10 volts. In the absence of the solar wind, Reasoner and Burke (1972) 
have reported potentials as high as +200 volts as the moon crosses the magneto- 
spheric tail. 

In this paper we discuss evidence for a sunlit potential in the magnetosheath 
and solar wind of about + 10 volts. This evidence comes from the analysis of the 
energy spectra of lunar ionosphere thermal ions acceieiated toward the moon by 
an artificial electric field. The data are provided by the Apollo Lunar Surface Ex¬ 
periment Package (ALSEP) Suprathermal Ion Detector Experiment (SIDE) de- 
oloyed at the Apollo 14 and 15 sites. 


Thk SIDE 

The Suprathermal Ion Detector Experiment (SIDE) contains a total ion detec¬ 
tor curved plate analyzer and ion mass analyzer designed to measure positix e tons 
down to a fev; electron volts. To accomplish this in the face of possible lunar 
surface potentials of the order of several tens of volts, the instrument is equipped 
with a ground plane electrode (in contact with the lunar surface) whose potential 
with respect to a wire grid above the ion entrance apertures is stepped through a 
series of 24 voltages (.v^e Fig. lb). For certain negative (accelerating) voltages, the 
imposed electric field is able to overcome a positive surface potential allowing 
thermal ions to be measured by the instillment. 

The ground plane electrode is ? circular wire grid 65 cm in diameter. Close-up 
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SECOND-SURFACE ttRRORS 

lTHCit«i*L Cowtroi, 'O** ENTRANCE 


GROONQfO 
TOP GRlp. ' 



APERTURES 



lunar surface 


APOLLO 14 SIOE Deployed Configuration Sch*ff.*tic of the Instrument Configuration 

(a) (b) 

Fig. i. Thu Suprathermal Ion Detector Experiment U) as deployed on the lunar surface, 
and (b) showing the ground plane and top wire grid configuration schematically. Thermal 
ions are attracted to or repelled from the top of the instrument by the top grid. <t> T is the 
voltage produced by the stepping supply. The ground plane is in actual contact with the 

lunar surface. 

photographs show that the grid makes contact with the surface at many points, so 
good electrical contact will be assumed (see Appendix A). The SIDE is D.C. 
isolated from the ALSEP central station and other experiments. 

These features of the SIDE allow the determination of the electric potential of 
the lunar surface under certain conditions. This is accomplished by examination 
of the energy spectra of thermal ions accelerated into the SIDE by the ground 
plane voltage in the presence of the electric field due to the surface charge of the 
moon. 

Figure la shows the instrument and the ground plane in the deployed configu¬ 
ration. Further details of the experiment can be found in Freeman et al. (1972). 


Instrument Funciion 

Assuming good electrical coupling between the ground plane and the lunar sur¬ 
face the instrument would be expected to function as follows: 

(a) In the case of a near-zero lunar surface potential a negative ground plane 
stepper voltage accelerates thermal positive ions into the instrument with 
an energy approximately that of the stepper voltage 
lb) When the lunar surface is substantially positive and the stepper voltage 
negative, but larger in absolute value, the energy of the detected ions is 
less than the stepper voltage by an amount equal to the lunar surface po- 
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lentuil. When the stepper voltage exactly matches but is of opposite sign 
from the lunar surface potential, the ions are seen unaccelerated. 

(c) When the lunar surface is negative the ions may be repelled b> a suffi¬ 
ciently large positive stepper voltage. 

We can assume that the ions seen are principally ionized neutral gas in thermal 
equilibrium with the lunar surface (T 400°K) and further that most of the ions 
appear to have come from infinity so far as the energy acquired from the surface 
electric fields is concerned. Under these conditions, the foregoing can be made 
more explicit by expressing the ion energy, E, seen at the detector by 

E = E, -(<*>, + <po)q (1) 

where E, is the initial ion energy (the neutral thermal energy), <p t the potential of 
the top wire grid of the SIDE relative to the ground plane ami hence to the lunar 
surface, the lunar surface potential, and q the ion charge (assumed to be +1). 
We will be concerned with cases in which is negative and for which we assume 
q |<p, + <fo| ^ E, so that (I) becomes 

E s-(<p f + <p„)q (2) 

Using this equation observable values of <p 0 q are displayed in Table 1 for the 
differential energy channels, E, and stepper voltages, of the Apollo 14 instru¬ 
ment. If the initial energy of the ions is not negligible then the tabular values 
repiesent <^ 0 q E.) and hence provide a lower limit on the surface potential; a 
situation that we consider unlikely (see Appendix B). 


Observations 

A feature of the data when the solar zenith angle is between approximately 20° 
and 45° is the frequent appearance of narrow low-energy ion llux spectra which 
show a correlation with the ground plane stepper voltage. That is, ions at certain 
peak energies recur with specific ground plane stepper voltages. Wc will refer to 
this occurrence as a resonance. There is often a complete absence of ions in any 
eneigy channel except at the resonant ground plane stepper voltage. 

This phenomenon has been seen with the Apollo 14 and 15 SIDEs and exclu¬ 
sively in the solar wind or magnetosheath. Figure 2 shows the location in lunar 
orbit of these observations. Only one such observation has been made on the 
dawn side of the tail. It was seen at a time of high local gas pressure following the 
Apollo 15 LM impact. Each lunar cycle for which Apollo 14 data are available 
shows the resonance in the afternoon or dusk side magnetosheath and solar wind 
and some cycles of Apollo 15 data show this resonance in this quadrant as well. 

Figure 3 shows an extended set of data from the Apollo 14 SIDE. 
Here the count rates from the two lowest energy channels have been grouped ac¬ 
cording to the ground plane stepper voltage. The energies that stand out near the 
center of the figure are 7eV at ground plane voltage - 16.2 and 17eV at ground 
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Table I. Apollo 14 SIDE—Observable values 
of (<p 0 q). 


E 

Total ion detector 
Energy Channels 

0267 (p, (volts) leVlq l7eV/q 


Ground Plane 
Stepper Voltage 
- 0.6 
- 1.2 
- 1.8 

- 2.4 
3.6 

- 5.4 

- 7.8 
- 10.2 
-16.2 
-19.8 
-27.6 

0.0 
4 0.6 
+ 1.2 
+ 1.8 
+ 2.4 
+ 3.6 
+ 5.4 
+ 7.8 
+ 10.2 
f 16.2 
+ 19.8 
+ 27.6 


- 6.4 

16.4 

- 5.8 

-15.8 

- 5.2 

15.2 

- 4.6 

14.6 

- 3.4 

13.4 

- 1.6 

11.6 

+ 0.8 

9.2 

+ 3.2 

6.8 

+ 92 

0.8 

+ 12.8 

-i 2.8 

+ 20.6 

f 10.6 

- 7.0 

- 17.0 

- 7.6 

17.6 

- 8.2 

18.2 

- 8.8 

- 18,8 

- 9.4 

- 19.4 

- 10.6 

20.6 

- 12.4 

22.4 

- 14 8 

-24.8 

-17.2 

27.2 

-23.2 

*3.2 

-26.8 

- 36.8 

-34.6 

-44.6 


plane voltage -27.6. From Equation (2) and Table l these examples yield a lunar 
surface potential, <p»>, of approximately +10 volts. 

Ten months of Apollo 14 data have been scanned. Each lunation shows reso¬ 
nances similar to Fig. 3 indicating a surface potential of — + 10 volt:; for zenith 
angles between approximately 20° and 45°. A typical segment of data for this 
region is shown in Fig. 4. Here the counting rates in the l7eV channel are plotted 
each time the ground plane stepper reads -27.6 volts. The counting rates for the 
same energy channel are plotted when the ground plane stepper is at 0.0 volts as a 
measure of the background when particles cannot be accelerated into the detector 
by the stepper potential. This plot clearly shows the increase in the counting rate 
for the resonant step as the detector moves out into the freedlowing solar wind. 
The maximum rate, although not sharply defined, usually occurs near a zenith 
angle of 35°. In all the data that have been scanned, the resonance ends at about 
4S°. This suggests that at that point the lunar surface potential decreases below the 
energy level required to produce a resonance in our differential energy passbands. 
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These passbands are narrow (±5% FWHM) and not contiguous, so it is possible 
for the ion peak to disappear between them. Hence the disappearance of the 
resonance does not imply a discontinuity in the lunar surface potential. In fact it is 
important to note that the resonance shown here indicates that the surface poten¬ 
tial does not change greatly over a large portion of the sunlit surface. At the 
equatorial site (Apollo 14) the potential remains + 10 v - 2 v over the solar zenitn 
angle range 20° to 45°, The same potential has been observed at least once within 
the same zenith angle range at the Apollo 15 site 26.1° north of the equator. 
That the magnitude of the counting rate at resonance is related to the solar 
wind is further seen in Fig. 5. The solar wind velocity is relatively constant over 
the seven month interval shown; however, the solar wind number density varies 
by an order of magnitude. In November an unusually high number density in the 
solar wind was reflected in a very intense resonance. This observation is consis¬ 
tent with the source of ions considered below. 


Thk Thermal Lunar Lxosmiki 

The foregoing assumes that the thermal lunar ionosphere is being accelerated 
into the instrument in the presence of a lunar surface electric field and an artificial 
electric field arising from the SIDE. This hypothesis is not only supported by the 
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APOLLO 14 1971 DAY 310 1802 UT 



Fig. 3. SIDE total ion detector count rates in two energy channels for a three hour time 
interval grouped by ground plane stepper voltage. The time given is the start time of the 

interval. 




Fig. 4. Typical ground plane stepper resonance seen by Apollo 14 in the lunar afternoon. 
The counting rates in the resonant channel are compared with those in the 0.0 volt step 
which were used as a measure of background, i.e., ions not alfected by the ground plane 
voltage. The six data points from ith of the stepper cycle are plotted on an expanded 
scale in each period of approximately one hour. Note thr. o* this lunation the resonance 
begins at a solar zenith angle of iO c . 
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Fig. 5. Comparison of thermal ion data and solar wind data. The maximum counting rate 
in the resonant step is plotted for each month. Vela data is from S<Wur-Gei>phy\ic < 1 / Data , 
U.S. Department of Commerce, Boulder, Colorado. 


ground plane stepper resonance but also qualitatively by the ebsetved narrow 
energy spectrum. This spectrum is typically less than the width between detector 
differential energy*channels or 10 eV/q. There is an ab>ence of a low energy tail. 

Consider the electric field region to be confined to a screening length, L, 
analogous to the conventional Debye length. For the solar wind L is of the order 
of a few meters. At the lunar surface it is probably much less than this due to 
photoelectrons and electrons from the ionized neutrals. In any event, H, 
where H is the scale height of the neutral atmosphere to be ionized. As a result the 
volume above the detector within 1 screening length is very small compared to 
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that within the scale height H. The ions produced in the atmosphere within or 
above height H of the detector greatly predominate over those produced within 
height L. A large fraction of these will drift thermally or ballistically into the field 
region. The ion distribution function in energy space will then peak sharply at the 
potential of the instrument relative to infinity; as is actually observed. (In reality 
the drift of the thermal ions will also be somewhat influenced by the interplanetary 
electric field, however, this must be a second order effect because of the high 
stability of the resonance fluxes despite major changes in the interplanetary 
magnetic field.) 

Assuming focusing to the detector of about 1 steradian we can use the ob¬ 
served ion flux to obtain an order of magnitude estimate of the requisite neutral 
number density in the lunar atmosphere. Following a treatment given by Manka 
(1972), for an exponential atmosphere, the omnidirectional ion flux seen by the 
detector. F, is related to the neutral surface number density, N«, f by 




(3) 


where P is the total production rate for ions, and H the scale height for neutrals. 
Referring to Fig. 3 we take 300 counts/second as typical of the !7eV ions and 
calculate a flux of 3x 10*ions/cm 2 sec. 

We must now make a choice regarding the composition of the atmosphere. 
Johnson (1971) has hown that the atmosphere is expected to consist largely of 
neon. Freeman et at. (1971) quote an afternoon surface temperature of 360°K 
yielding an H of 100 km for mass 20. Siscoe and Mukhcrjce (1972) estimate a total 
ion production rate of 1.1 x 10 7 ions/sec atom for neon. The requisite surface 
number density is then Nt.~5x 10*atoms/cm\ This is in reasonable agreement 
with the daytime surface number density reported by the A1 SEP cold cathode 
gauges (Johnson, F. S. f private communication). 

Although the resonance phenomenon has been seen with the SIDE mass anal¬ 
yzer we have not been able to determine directly the ambient ion masses. Statis¬ 
tics a/e generally poor and the resonance mass analyzer data often fall in a very 
low energy channel where mass calibration is uncertain. The only occasion to date 
on which a well defined mass spectrum has been seen due to the ground plane 
stepper resonance followed shortly after the Apollo 15 mission. At that time the 
spectrum was typical of an exhaust gas spectrum. Lindeman. however, has found 
non-resonance SIDE mass analyzer spectra peaking near mass 20, 36, and 40 
believed to represent the ambient lunar atmosphere (Lirdcman et ai , 1973] The 
mass 20 No calculation is given here only for illustrative purposes since a correct 
calculation would require taking into account all of the masses present in their 
proper abundances. 

The enhanced resonance peak in November 1971 (Fig. 5) can be explained by 
the increased solar wind flux. Bernstein et ai (l%3) give the charge-exchange 
cross-section of solar wind protons on neon as 5 x 10 ,#> cm\ As seen from Fig. 5 
the solar wind flux reached 2x 10 q ions/cnvsec for a production rate of 
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10 h ions/sec atom; easily enough to account for the enhanced resonance during 
November. 


Discussion and Summary 

Acceleration of the lunar thermal ionosphere with known voltages has led to 
the value of at least + 10 volts for the dayside lunar surface potential. It should be 
emphasized this value holds only in the solar wind or magnetosheath plasma. 
Reasoner and Burke (1972) have reported evidence for potentials as high as + 200 
volts in the greater vacuum of the magnetospheric tail. 

This + 10 volt value appears to hold at least between solar zenith angles of 20° 
and 45°. The increase in intensity of the resonance during passage from the 
magnetosheath to the free streaming solar wind may be due to a slight change in 
the lunar surface potential such that the accelerated ions are more nearly centered 
on an energy passband. This shift in potential might arise from a changing electron 
temperature. On the other hand, the solar wind may enhance the ionization pro¬ 
cess itself since it is clear from Fig. 5 that the solar wind does play a key role in the 
magnitude of the resonance phenomena. 

From SIDE data, I jr deman ef ai (1973) have found that the potential of the 
lunar surface near the terminator goes from positive to negative as one ap¬ 
proaches the lunar night. Figure 6 shows the composite data on the lunar surface 



Hr. 6 Composite lunar surface potential values vs solar /tmth angle Also shown are 
predicted values computed by Manka < IY72>for typical solar wind parameters. 
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potential together with theoretical calculations by Manka (1972) for typical solar 
wind conditions. The general shape of the experimental curve is in good agree¬ 
ment with prediction. As pointed out by Manka (private communication), the 
point at which the potential goes negative and the ultimate night side potential are 
very sensitive to the assumed solar wind electron temperature. 


Ai knowled#ment —We have profited from discussions with several Rice University scientists; particu¬ 
larly Dr. Richard Vondrak and Dr. Robert Manka. The Rice resear' ^ was supported by NASA con¬ 
tract NAS 9-5911. 

A portion of the research reported in this paper was done while one of us (J. W. F.) was a Visiting 
Scientist at The Lunar Science Institute which is operated by the Universities Space Research Associ 
at ion under Contract No. NSR 09-051-001 with the National Aeronautics and Space Administration 
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Appendix A 

The question of the DC. coupling between the ground plane and the lunar surface will be 
examined 

Close-up photographs show that the grid makes contact with the lunar soil at many points and 
where there is not direct contact the wit:, arc rarely more than a few centimeters from the surface. 
Strangway et ai (1972) have meusured the D.C. conductivity of lunar soil samples and found values 
below 10 ” mhos/m in the temperature range of interest This is sufficiently low that the soil may be 
considered a perfect insulator and we can direct our attention to conductivity via the plasma only. 

The problem can be recast hy considering the relative importance of two impedances R . and 
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and thinking ot ifrir SIDE. as the center terminal in a voltage divide artwork R represents pv; 
imped.mu* between the MDE t«»p wire grid and infinity k ts icprcsents the impedance between the 
irrtHind plane .mJ ttie lunar surface In cither case the impedance. R is approximated h> 


R 


1 

(T A 


wfriere l is tl.i >iicening length for I He plasma, t r its conductivity and .A the effective area of the 
ek\ tr»nle (Wfr.cie tfrK* ground plane wire is less than /. from the surface then some mean distance to 
the surface inujti ieplace / ) We assume that /. and tr are the same at frsoth electrodes and find tfrial the 
rcl.itts c imped u.v cs arc determined by the areas of the two electrodes The condition f small re*ativc 
potential ditfoencc between tlie ground plane and the lunar surface, which is 

R * Ris 


now becomes 


Art.** A<.| 

wfrietc 4 fl , and A, r .ire the effective areas of the top grid and gioui * plane respectively Tfrr groom* 
plant is approxim.Uely 6* cm in diameter and contains over 1 VK)c m of wire The lop is approxnnately 
10 - 12 cm and consists of knit wire mesh W'e estimate 


A n 
A<*. 


0.01 


and hence conclude that the potential difference between the gioond jdane and the lunar surface is a 
small fraction of the lunar surface potential relative to infinity 


Appendix B 

In the case of a screening length long compared to the dimension t*f tHc SI HI ahme the lunar 
surface < - VIcm) tHc lunar surface potential held may overwhelm the StOF. top gnd hdJ mktk* 
dwtance out and set up a positive potential harrier for positive ions attempting to reach the SUM. This 
suggests the possibility of mm-neghgfblc initial ion energies. fc'„ (bu- mus* then ask what the initial 
energy source aught he smec the resonance is clearly the result of lunar atnunphera tons as is 
demonstrated hy the observed number density and the mass spec it.i seen on at least * me ♦•evasion Um 
acceleration bv the interplanetary electric held as discussed by Mania and Michel | WTO] ts frctpimily 
seen m the SIDE kmi data, however, this leads to a sporadic highly ikiectHmal and energy sarvmg fUit 
unlike the stable monochromatic flux associated with this rewnarui phcmwnemvi No other am 
acceleration mechanisms are known that are appropriate to this /emth .mgle regime, herwe we prefer 
the assumption a smaller screening length and negligible E Ir anv event, our value for the lunar 
surface potential stands as a lower limit 
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Abstract 

This paper reviews the electric field environment of 
the moon. Lunar surface electric potentials are reported as 
follows: 

Solar Wind Dayside: <J> o +10 to +19V 

Solar Wind Terminator: $ * -10 to -100 V 
Electron and ion densities in the plasma sheath adjacent to 
each surface potential regime are evaluated and ++e corres¬ 
ponding Debye length estimated. The electric fields are 
then approximated by the surface potential over the Debye 
length. The results are: 

Solar Wind - Dayside: D 0 * 10 V /m outward 

Solar Wind - Terminator: E ~ 1 to 10 v /m inward 
These fields are all at least 3 orders of magnitude higher 
than the pervasive sola: wind electric field however they 
are confined to within a few tens of meters of the lunar 


surface. 
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Lunar Electric Fields, Surface 
Potential, and Associated Plasma Sheaths 
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Ary body emersed in a plasma acquires a net negative 
charge. A body exposed to intense ultra-violet radiation is 
inclined to acquire a positive charge. The Moon enjoys both 
of these environments simultaneously. As a result one 
expects a complicated surface charge distribution on the 
lunar surface. 

Figure 1 shows the general environment of the Moon. On 
the left hand side is shown the continuous flux of photons 
from the sun, as well as solar wind protons and electrons. 

The photon flux dominates the solar wind proton flux and 
results in the ejection of photoelectrons from the sunlit 
lunar surface. We expect therefore that the dayside will 
exhibit a positive lunar surface potential. As one progresses 
towards the terminator regions where the solar wind proton 
and photons impact the surface at more oblique angles, the 
solar wind electrons, which have high random velocities, 
still have free access to the lunar surface with normal 
incidence. One therefore expects the potential to grow more 
and more negative as the terminator region is approached. A 
negative potential at the terminator is predicted. 
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Figure 2 illustrates these speculations more completely. 
We see here the positive potential on the dayside surface of 
the Moon and immediately adjacent to this positive potential, 
the regions of negative potential generated by the photo¬ 
electrons ejected from the lunar surface by the solar ultra¬ 
violet photons. This photoelectron sheath contains electron 
number densities on the order of several thousands to tens 
of thousands of electrons per cubic centimeters. It is 
confined to a region within a few meters of the lunar 
surface. 

The surface potential becomes smaller and eventually 
goes negative as one approaches the terminator region. 

Above the negative surface potential in the terminator 
region we find a positive ion sheath made up of atmospheric 
ions. The positive charge regions above the surface may 
result in part from electron depletion, however, positive 
ions are seen. 

This distribution of charges will give rise to electric 

fields in the vicinity of the Moon. These electric fields 

will be superimposed on the interplanetary electric field 

generated by the motion of the solar wind magnetic field 

► -+■ 

past the Moon (The so-called vxB or solar wind electric 
field). This electric field is approximately 3 orders of 
magnitude weaker but much more extensive than the electric 
field associated with the lunar surface potentials. The 
interplanetary electric field has received considerable 
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attention and will be the subject of several other papers at 
this conference so the balance of this paper will concentrate 
on the electric fields associated with the lunar surface 
potential. 

Table 1 illustrates previous theoretical calculations 
aimed at determining the dayside lunar electric potential. 

Opik and Singer [1960] were the first workers to attempt to 
estimate the electric potential of the dayside of the Moon. 
Their results, based on energy balance considerations, 
indicated potentials on the order of +20 to +25 volts. More 
recently, Grobman and Blank [1969] using collisionless probe 
theory estimated a range of potentials from approximately 
+10 volts down to practically zero depending on the assumed 
values for the photoelectric electron yield function and the 
work function of the lunar surface materials. Manka [1973] 
carried out similar calculations based on current balance. 

He found potentials ranging from approximately +4 volts to 
+9 volts positive depending again on assumptions about the 
photoelectron yield function. In a more elaborate calculation, 
Walbridue [1973] divided the photon flux from the Sun into 3 
energy ranges. He found three corresponding electron energy 
distributions giving a surface potential or the order of 
+3.5 volts or greater for the dayside of the Moon. 
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Since all of these theories depend explicitly on the 
photoelectric yield function and the work function of the 
surface, Feuerbacher et al. [1972] undertook to make measure¬ 
ments of these functions on actual lunar soil materials. 

Their results indicated .07 for the photoelectron yield 
function and 5 eV for the work function. Reasoner and Burke 
[1972] using data from the CPLEE experiment were able to 
make in situ estimates of the work function and the photo¬ 
electric yield. Their data, which were taken when the moon 
was in the geomagnetic tail, indicate values for both of 
these numbers, in rough agreement with those of Feuerbacher 
et al. Based on this, the lower limit for the surface 
potential given by Grobman and Blank is inapplicable and the 
predicted lunar surface potentials range in value from few 
volts to 25 volts positive. 

Experimental values for the lunar surface potential 
have been obtained by the apollo lunar surface suprathermal 
ion detector experiment (SIDE) [Freeman et. al., 1973]. 

Figure 3 illustrates the configuration of the SIDE as 
deployed on the lunar surface. Immediately beneath the SIDE 
instrument is a ground plane electrode. This ground plane 
electrode is wired to a stepping supply inside the SIDE 
detector, which is in turn referenced to the SIDE ground. A 
small wire mesh grid immediately above the input aperture 
for the ion detectors is also wired to SIDE ground. Through 
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this stepping supply it is possible to alter the electric 
potential of the SIDE instrument relative to the lunar 
surface. When the stepping supply is negative, ions generated 
in the lunar atmosphere by solar ultraviolet and ionization 
from the solar wind can be accelerated directly into the 
instrument and the energy with which they are detected will 
be given by equation 1; assuming of course that the lunar 
surface is positive. 

e/ q =£ i/ - <»o + V- in 

q 

e is the detection energy, e^ the ion initial energy, 

<t> 0 and 4> s the lunar surface potential and stepping supply 
potentials respectively, and q is the ion charge (assumed to 
be unity). The SIDE actually measures energy per unit 
charge in 20 discrete differential steps from 10 ev/q to 
3500 ev/q for positive ions. The ground plane stepper has 
23 discrete voltage levels. See Freeman et al. [1973] for a 
table of measurable lunar surface potentials. 

We note the assumption that the initial energy of the 
ions is negligible compared to the energy acquired by 
acceleration by the instrument and the lunar surface potential. 
The initial energy of the ions is the thermal energy of the 
neutral atoms from which they originated. The assumption of 
negligible enerqy is therefore justified. However, if the 
initial energy is nonnegligible the calculated values for 
the lunar surface potential represent lower limits. 
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As the SIDE steps through various energy channels and 
ground plane stepping voltages "resonances" occur which 
consist of enhanced detector response in the energy channels 
appropriate to the instantaneous lunar surface potential for 
each ground plane stepping voltage. Figure 4 illustrates an 
example of these resonances in the actual raw SIDE count 
rate data. One can see a resonance in the 7 eV/q channel at 
the -16.2 ground plane stepping voltage, and another in the 
17 eV/q channel, at the -27.6 ground plane stepping voltage. 

These two numbers taken together indicate a lunar surface 
potential of approximately +10 volts at this particular 
time. 

The overall results of the SIDE instrument lunar 
surface potential measurements are illustrated in Figure 5. 

Here we have plotted the electric potential on the lunar 
surface as a function of the solar zenith angle. For most of 
the late morning and early afternoon the lunar surface 
potential is in the vicinity of +10 volts. A new result, 
reported here for the first time, is an asymmetry in this 
curve in the form of a small ear in the late lunar afternoon. 

Here the lunar surface potential rises to approximately +18 
volts. This effect is seen at the Apollo 15 site but not at 
the Apollo 14 site due to an instrumental effect. 

Notice from Figure 5, in early morning and late after¬ 
noon the surface potential goes to negative values as the 
terminator is approached. The potential measurements 

i 
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in these regimes are not made by the technique just described, 
but rather are derived from a set of data which will be 
described. 

Goldstein [1974] has analyzed electron data from the 
ALSEP Solar Wind Spectrometer experiment and computed a 
lunar surface potential of the subsolar point in the solar 
wind of +5 to -3 volts. The discrepancy between this result 
and the SIDE data has not yet been resolved. 

Manka [1973] has investigated the lunar surface potential 
in the vicinity of the terminator regions. Figure 6 shows 
his theoretical curves indicating an asymptotic potential at 
the terminator of about -35 volts. This value is highly 
dependent on the solar wind electron temperature and could 
iii fact be considerably more negative at times. These 
theoretical curves bear a strong similarity to the observed 
potential curves shown in figure 5. 

Actual data on the lunar surface potential in the 
vicinity of the terminator can be obtained by the SIDE 
instrument through the observations of the atmospheric ions 
associated with the ion sheath adjacent to the lunar surface 
[Lindeman et al., 1973]. These ions reach the surface with 
peak energies corresponding to the lunar surface potential. 

As the SIDE approaches the terminator region very low energy 
ions are seen first. These energies increase gradually as 
the instrument passes the terminator. This phenomena is 
illustrated in figure 7. Here we see ions of approximately 
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10 electron volts about 1.5 days prior to the terminator. 

About 0.5 days before terminator crossing the ion energies 
begin to climb until they reach values of 70 electron volts 
approximately 0.5 days after the terminator crossing. This 
is believed to be a direct observation of the ambient lunar 
ions generated in the atmosphere by ultraviolet ionization 
and accelerated to the lunar surface by the negative surface 
potential. The energy in the ions is therefore a measure¬ 
ment of the lunar surface potential itself. Lindeman et al. 

[1973] have shown these potentials to go as low as -100 
volts on some terminator crossings. It is interesting to 
note that -70 volts is about the potential expected for a 

stationary pin ;na whose ion and electron temperatures are 
5 5 

10 and 2x10 "K, the temperatures appropriate to the solar 
wind. This calculation uses the potential expression given 
by Chopra (1961J for a body in a stationary plasma. 

The fact that these ions are indeed ambient atmospheric 
ions is verified by some sample ion mass spectra also taken 
by the SIDE as shown in figure 8. 

The terminator electric potentials measured in this 
manner can be verified independently by the energy spectra 
of ions accelerated toward the moon by the interplanetary 
electric field. These ions show the expected exponential 
spectra [Manka and Michel, 1973] offset by an amount of 

energy equal to that obtained in falling through the surface • 

potential field. We thus have two independent determinations \ 
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of the terminator surface potentials. 

No theoretical studies have been published on the 

electric potential of the lunar nightside and because of the 

absence of a strong ionizing mechanism our experimental 

techniques for the day and terminator regions are of no 

value here. A complete analysis of the problem involves a 

detailed study of the solar wind electron temperature and 

the ways, if any, in which it might be modified on the night 

side of the moon. Reasoner [private communication] has 

CPLEE electron data which may prove helpful in this regard. 

Schneider and Freeman [1974] and Freeman [1972] have 

reported ions of slightly less than solar wind energy whose 

flux is 2 orders of magnitude below that of the solar wind 

appearing on the night side of the moon. These ions tend to 

occur most frequently several days before local sunrise and 

several days after sunset, however, they have been seen 

throughout the entire lunar night. Whether or not these 

ions constitute a component of the lunar ionosphere remains 

-► 

to be seen. Certain F X B ion trajectories do allow 

sw sw 

transfer of atmospheric ions from the daysine to the nightside 
[Manka, private communication]. The energy of the ions 
however suggests solar wind that has been diverted to the 
night side ot the moon by some mechanism. One conceivable 
approach is to consider these ions to form the positive ion 
sheath for a negative nightside surface potential; in which 
case the deflecting force is electrostatic and the surface 
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potentials required would be negative several hundred volts. 

We recall that the terminator nightside potential is indicated 
to be of the order of -100 volts. Alternatively, these ions 
may arise from a turbulence or solar wind thermalizing 
process associated with limb shocks or thu passage of the 
moon through the solar wind. 

Next we direct our attention to the lunar surface 
potential in the geomagnetic tail. 

Knott [1973] has pointed out that energetic electrons 
found in the plasma sheet can be expected to drive the 
nightside of the moon to several kilovolts negative on 
occasions. Such large potentials are found on satellites in 
' ^ the tail during eclipses [DeForest, 19721 . 

Regarding the day side potential for the moon in the 
geomagnetic tail, Reasoner and Burke [1972] have reported 
observations of photoelectrons in the photoelectron sheath 
whose cut-off energy indicate dayside potentials ranging up 
to approximately +200 volts. Furthermore, they saw these 
potentials depressed to below their limit of detectability, 

+40 volts, when the moon entered the plasma sheet during an 
intense magnetic storm. The SIDE data show resonances, 
similar to those described above, in some regimes in the 
geomagnetic tail and indicates at those times potentials tlO 
volts or greater. A detailed comparison cf the SIDE and 
, , CPLEE data has not yet been made .."or periods of simultaneous 
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data. It appears that the anar surface potential can have 
a wide range of values in the tail depending on local plasma 
conditions. We expect more complete reports on tail potential, 
in the future. For completeness, the currently reported or 
predicted tail potentials are summarized in Table 2. 

Finally we discuss the electric fields associated with 
these surface potentials. For the photoelectron layer 
Walbridge (1973] calculates a field of the order of 10 to 15 
volus/meter. This is consistent with our surface potential 
of 10 volts if the effective screening length is 1 meter. 

Feuerbacher et al. [1972] calculate 78 cm for the screening 
length. 

In the terminator region we ^jsume the Debye length to 
be that of the solar wind or approximately 10 meters. 

Therefore, the electric field over the region where the 
surface potential can be determined by the SIDE is of the 
order of 1 to 10 volts/meter and directed radially inward. 

The situation is much less certain on the far night- 
side. For the sake of completeness in this review we will 

3 

speculate that the energetic ions (N q 0.05 ion/cm ) form an 

ion sheath for a surface potential of the order of -100 

volts, and that their effective temperature is that of the 

solar wind or 10 5 °K. In this case, the Debye length is of 

the order of 100 meters and the electric field is 1 volt/meter 

directed radially inward. t 
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Figure 2 summarizes the electric charge distribution 
around the moon. The ion number densities shown, N Q , are 
those measured by the SIDE at the lunar surface. The ions 
forming the atmospheric ion sheath at the terminator are 
those illustrated in Figure 7. The nightside ions are tl ose 
reported by Schneider and Freeman [1974] . 

Superimposed on the surface electric fields is the 
electric field of the solar wind whose value is of the order 
of 2x10 3 volts/meter. This field dominates any ion trajectory 
calculations at distances from the Moon greater than the 
Debye screening length. 

Figure 9 illustrates these electric field configurations. 
The electric fields considered in this paper are only large 
scale fields. As Criswell [1972, 19731 has pointed out 
small scale fields may be very intense. 

Given these electric fields, it is possible to make 
calculations on the ion trajectories for ions arising from 
ionization of the lunar atmosphere. The results of these 
calculations are the subject of the paper by Vondrak and 
Freeman [1974]. Similar calculations a e also presented by 
Manka and Michel [1973]. 

In summary, the gross electric field distribution in 
the vicinity of the Moon is understood. The next task 
before us is to determine the effect of this electric field 
distribution on the lunar ionosphere. In this connection we 
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note that only a small fraction of the lunar atmosphere is 
found above the lunar surface at any time. The lunar atmos¬ 
phere is essentially a solid state atmosphere residing 
beneath the lunar surface in the soil fines. This remark¬ 
able type of atmosphere is sustained, in part, by the 
ability of these electric fields to return ions to the 
surface with high velocities. We might say that the lunar 
atmosphere (at least for some gases) is recycled. Having 
established the electric field environment, it is now 
possible to proceed to consider quantitatively its effect on 
the ion return or reimplantation rates. 
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Figure Captions 


* 


$ 



> 


1. The solar wind plasma and solar photon environment 

of the moon. 

2. The electric charge distribution on and near the moon, 

3. The mechanical and schematic details of the deployed 

SIDE. 


4. Raw data from the SIDE differential energy channels 

as a function of ground plane stepper voltage (voltage 
of the SIDE relative to the ground plane). 

5. The measured lunar surface potential, <J> 0 , as a function 

of solar zenith angle. 

6. Theoretical predictions of the lunar surface potential 

versus solar zenith angle prepared by Manka [1973], 

7. SIDE total ion detector 20 minute average count rate 

energy spectra versus time. The short time is at the 
bottom of the figure and increases along the y axis. 

The vertical log count scales are 24 hours apart. 

Energy along the x axis is in eV/q. The differential 
energy channels are as follows: 10, 20, 30, 50, 70, 

100, 250, then increasing by 250 up to 3500 eV/q. 

Shortly after the start time at least three energy 
peaks are apparent. The lowest energy peak is due to 
ambient ions accelerated by the lunar surface potential. 
The peak at around 1000 eV/q may be turbulent solar 
wind whose flow has been disrupted by a limb shock. 
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The higher energy peak, whose upper limit is outside 
our energy range, is due to protons escaping from the 
bow shock front of the earth. These protons are seen 
oi. and off throughout this time period. 

A mass per unit charge spectrum from the SIDE mass 
analyzer showing three peaks tentatively attributed to 
helium, neon and argon. This spectrum, taken during a 
terminator crossing verifies that the low energy ions 
seen are from the lunar atmosphere and not accelerated 
solar wind ions. 

The electric field environment of the moon. 
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ABSTRACT 


An Observation of Lunar Nighttime Ions 

by 

Henry Emil Schneider 

The Rice University Suprathermal Ion Detector Experiment 
deployed on Apollo missions 12, 14, and 15 regularly observes 
ion events all through the lunar night. 

The ion events are most often less than 4 hours in dur¬ 
ation, and usually less than one hour. 

The energy spectra of the events vary from mono-energetic 
at 250 eV/q to 500 eV/q to fairly broad. The energy repre¬ 
sented may range from 250 eV/q to 1500 eV/q. There is some 
indication that the peak energy of the events increases from 
500 eV/q at local sunset to 750 eV/q at about 3 days before 
local sunrise and then decreases to 250 eV/q 1 day before the 
sunrise terminator crossing. 

The ion energies are generally less than the solar wind 

6 2 

and the ion flux (°* 10 ions/cm -sec-ster) is down by 2 orders 
of magnitude from the solar wind. 

Ion activity increases in the period 1 to 6 days prior 
to local sunrise with a peak at 2 to 3 days before sunrise. 
There is also a weak secondary activity peak 3 to 4 days after 
local sunset. 

Data from the Apollo 12 SIDE has not been looked at yet. 
The Apollo 14 and Apollo 15 SIDE 's both exhibit the same ac¬ 
tivity profile. This fact suggests a local lunar time depen¬ 
dence rather than a position in orbit for the occurence of 
these events. 
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This thesis is concerned with the study of the plasma 
interaction with the moon when the moon is outside the earth's 
magnetosphere and in the interplanetary medium. 

1.1 INTRODUCTION TO THE SIDE 

The six Apollo lunar missions placed a -number of parti¬ 
cles and fields experiments directly on the lunar surface as 
a part of the Apollo &unar jSurface Experiment package (ALSEP). 
These experiments study the lunar plasma environment. The 
results reported in this thesis come from the data reduction 
of one such experiment, the Rice University .Suprathermal Jpn 
J^etector Experiment (SIDE). The SIDE is an ion spectrometer. 

The scientific objectives of the SIDE were summarized by 
Freeman et al. [1970] as follows: 

1. Provide information on the energy and mass spectra 
of positive ions close to the lunar surface result¬ 
ing from solar UV or solar wind ionization of gases 
from any of the following sources: 

a. A residual primordial atmosphere of heavy gases. 

b. Sporadic outgassing such as volcanic activity. 

c. Evaporation of solar wind gases accreted on the 
lunar surface. 

d. Exhaust gases from the LM ascent and descent 
motors and the astronaut portable life support 
equipment. 

2. Measure the flux and energy spectrum of positive ions 
in the earth's magnetotail and magnetosheath during 
those periods when the moon passes through the mag¬ 
netic tail of the earth. 
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3. Provide data on the plasma interaction between the 
solar wind and the moon. 

4. Determine a preliminary value for the electric poten¬ 
tial of the surface. 

In order to understand the ion data observed on the dark 
side of the moon, one must be familiar with the theories con¬ 
cerning solar wind interaction with the moon. The following 
sections briefly discuss the current knowledge concerning 
this area. 

1.2 GENERAL BACKGROUND - EXPERIMENTAL RESULTS 

The solar wind is a tenuous plasma that continually 
streams radially outwards from the sun. The solar wind con¬ 
sists primarily of equal numbers of protons and electrons. 
Typical number densities of the solar wind are of the order 
of 5 particles/cm^. The solar wind velocity is supersonic in 
that it is greater than the Alfven velocity of the medium. 

Table 1-1 and figure 1-1 summarize the solar wind parameters. 

The conductivity of the solar wind is essentially infin¬ 
ite. Therefore, the interplanetary magnetic field lines are 
“frozen" into the plasma and thus dragged along by the solar 
wind. The interplanetary magnetic field lines intersect the 
earth's orbit at approximately a 45° angle to the earth - sun 
line. 

When the solar wind reaches «->ie earth, the solar wind 
plasma is unable to penetrate the earth's dipolar field. The 
solar wind compresses the field thus giving rise to the earth's 
magnetosphere (figure 1-2). 

The solar wind interaction with the moon is entirely dif¬ 
ferent from the interaction with the earth because the moon 
has an extremely small intrinsic magnetic field. The solar 
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TABLE 1-1 


OBSERVED PROPERTIES 

OF THE SOLAR 

WIND 


QUANTITY 

MINIMUM 

MMWWM 

average 

2 

flux N v (ions/cm -sec) 

P 

10 8 

M 

O 

O 

2-3x10® 

velocity v (km/sec) 

200 

900 

400-500 

3 

density N £ 2 (ions/cm ) 

0.4 

80 

5 

temperature T (®K) 

P 

5xl0 3 

lxlO 6 

2xl0 5 

thermal anisotropy (T /r ) 1.0 

max avg 

(isotropic) 

2.5 

1.4 

helium abundance N(He)/N(p) 

0 

0.25 

0.05 


* 15° of radius vector; average 
from 22° east 

0.25 40 6 

Polar component variable, aver¬ 
age in plane of ecliptic-solar 
equator; planar component vari¬ 
able, near the earth, average 
spiral angle** 45° 

30 150 60 


flow direction 

magnetic field B(J() 

B direction 

Alfven speed (km/sec) 


: * 

SOURCE; Brandt [1970] 
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Figur e iri- Satellite Vela 3A measurements ol the solar wind 
conducted in July 1965. The energy spectrum and directions 
are shown (180° corresponds to particles moving radially away 
from the sun, viewed from the spacecraft). The small hump in 
the energy spectrum curve may be due to He ions (Hundhausen 
et al. [1967]). 

Figure 1-2 . A summary of the configuration of the magneto¬ 
sphere in the noon “ midnight plane (Ness[1965]). 
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wind is directly incident on the lunar surface and the parti¬ 
cles are absorbed there. The absorption of the solar wind on 
the dayside lunar surface creates a cavity in the solar wind 
on the night side of the moon. 

Explorer 35, an United States satellite that was placed 
in lunar orbit on July 22, 1967, provided the first accurate 
measurements of the solar wind interaction with the moon. 

Lyon et al. [1967], upon reduction of data obtained by 
the M. I. T. plasma probe flown on Explorer 35, established 
the clear existence of a plasma void on the dark side of the 
moon (figure 1-3). 

Other results obtained by Explorer 35 of the solar wind- 
moon interaction are summarized by Ness [1972] as follows: 

1. The absence of a lunar magnetic field (at least none 
greater than 2y) at satellite periselene when the 
moon was in the geomagnetic tail. 

2. The absence of a bow shock wave or magnetosheath 
(similar to the earth’s) surrounding the moon, when 
it was in the interplanetary field. 

3. The existence of a plasma cavity or void region be¬ 
hind the moon when in the solar wind flow. 

The only effect noted in the interplanetary field was the 
existence of: 

4. Field magnitude increase in the region corresponding 
to the plasma umbra, and 

5. Field magnitude decreases on either side, in the plas¬ 
ma penumbra. 

6. The field direction is only slightly perturbed (<20°) 
in the lunar wake from that in the undisturbed solar 
wind. 

7. Sometimes there exist increased field magnitudes in 
the penumbra1 regions in addition to the penumbral 
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Figure 1-3 . Early Explorer 35 studies of the integral solar 

wind plasma flux (50 < E < 2850 eV) on the downwind side of 

P 

the moon. A logarithmic scale, used for the amplitude of the 
plasma current, is shown at lower left. Note the absence of 
counts in the middle of the plot. The spacecraft is now in 
the plasma void (Lyon et al. (19671). 
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FIGURE 1-3 
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decreases and umbral increase. These magnitude per- 
1urbations are generally small (< 3u%) . 

In summary, the moon appears to behave like a spherical 
obstacle in the solar wind flow. The moon absorbs the plasma 
flux incident on its surface but permits the interplanetary 
field to be convectively carried past it without significant 
distortion or the formation of a pseudo-magnetosphere or 
shock waves. 

1.3 GENERAL BACKGROUND - THEORY 

In order to formulate an effective model of solar wind 
interaction, one must be aware of the important fundamental 
physical quantities. These parameters are summarized in fig¬ 
ure 1-4. It is seen from figure 1-4 that the cyclotron radius 
for both ions and electrons is less than one lunar radii. 
Therefore, a guiding center approximation would be valid to 
first order in treating the problem. 

Michel [1964] first suggested two possible solar wind 
interactions with the moon. He examined the plasma flow in 
two limiting cases. The first case was the undeviated flow 
of the solar wind past the moon. The solar wind is completely 
absorbed and neutralized upon impact with the lunar surface. 
The other case was the potential flow of the solar wind about 
the moon. The plasma flow would be deflected around the moon 
by a magnetic field induced as the interplanetary magnetic 
field is dragged past a lunar interior that has a finite con¬ 
ductivity. The developement of a bow shock would lead to a 
subsonic flow behind it (figure 1-5). 

So little was known about the solar wind and its inter¬ 
actions at the time of this writing that Michel did not devel¬ 
op his models any further. Present Explorer 35 measurements 
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Figure 1-4 . Summary of physical considerations for theoretical 
analysis of solar wind flow past the moon, using the most 
probable values of plasma and magnetic field parameters (Ness 
(19721). 

Figure 1-5 . The upper figure indicates flow of solar wind 
plasma onto the moon in the undeviated flow model. Slanting 
lines indicate plasma. The lower figure indicates flow of 
solar wind plasma around the moon in the potential flow model. 
Dotted lines indicate the effect of the shock wake (Michel 
[1964]). 
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- Number density of ions (electric neutrality assumed) 

- Interplanetary magnetic field angle V, to moon-sun line 

- Temperature (parallel, T u , and perpendicular, T , to the 
magnetic field) 

- Thermal velocity of particles (root -mean-square value) 

- Characteristic scale length of the wake 

- Cyclotron radius 

- Cyclotron period 

- Characteristic time scale required to convect past the 
moon 

- Ratio of plasma pressure (perpendicular to field lines) 
to perpendicular magnetic field pressure 

- Alfven velocity 


FIGURE 1-4 
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iiid icuLc .’h-w that Michel's model of undeviated flow past the 

' 1 

4 * moon most. closely resembles the actual rnochonism in operation. 

Michel (1967], using the early results of Explorer 35, 

, proposed that the solar wind closed in behind the moon causing 

a shock wave when the collapse of the plasma was halted (fig¬ 
ure 1-6). Michel [1968] extended this study to include the 
effect of different directions of the interplanetary magnetic 
field. It was determined that the formation of the shock wave 
downstream from the moon was independent of the direction of 
the magnetic field (see figure 1-6). 

Johnson and Midgley [1968] studied the closure of the 
. plasma cavity. They determined that the rate at which the 
void behind the moon is filled depends on the orientation and 
the relative strength of the interplanetary magnetic field. 

Using the guiding center approximation. Whang (1968] 

| studied the ion flow in the vicinity of the moon. He assumed 

that the directional and magnitude perturbations of the inter¬ 
planetary magnetic field were negligible. His results showed 
that the wake was confined to a region behind the moon and it 
was not axially symmetric about the x-axis (figure 1-7). 

Wolf (1968] extended the work of Michel and of Johnson 
and Midgley using the continuum fluid approach and a cylinder 
to approximate the moon. He studied the problem for the case 
where the interplanetary magnetic field is aligned with the 
plasma flow velocity and for an isotropic pressure of the 
magnetized plasma. From his analysis. Wolf arrived at the 
same results as Michel (see figure 1-8). 

Using the kinetic theory approach and neglecting the 
. interplanetary magnetic field, Wu and Dryer [1972] arrived at 

number density contours and flow patterns about the moon (see 
figures 1-9 and 1-10). They predict that on the dark side of 
the moon there is a probability of a very low, but finite, 
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Figure 1-6 . Sketch of the development of a trailing shock 
wave in the lunar wake (Michel [1968]). 

Figure 1-7 ♦ The distribution of ion flux in the X - Y coor¬ 
dinate plane for varying direction angle cp (Whang [1968]). 

Figure 1-8 . Diagram developing further geometry and flow 
characteristics behind the moon leading to the formation of 
a trailing shock wave. The upper figure refers to the plane 
of symmetry while the lower figure refers to a plane perpen¬ 
dicular to this (Wolf [1968]). 

Figure 1-9 . Constant density contours with a non-central 
force field potential in th3 vicinity of a "small" spherical 
obstacle. Note the development of a continuum-like "Mach 
cone" at the limb, compression near the subsolar point, and 
expansion immediately beyond the limb. n # is the number den¬ 
sity of the incident solar wind. The x-axis scale is in units 
of obstacle radii (Wu and Dryer [1972]). 

Figure 1-10 . Velocity vectors with a non-central force field 
potential in the vicinity of a "small" spherical obstacle. 

Note the turning of the plasma flow on the sunlit hemisphere 
and the acceleration of particles around the limb. The x-axis 
scale is in units of obstacle radii (Wu and Dryer [1972]). 
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density of particles. 

1.4 RESEARCH OBJECTIVES 

The SIDE observes ion fluxes of a narrow energy range 
sporadically from local lunar sunset to local lunar sunrise. 

The lack of a complete understanding of this ion data and the 
fact that very little analysis has been performed on this 
data so far leads to the following research objectives: 

a. To determine if the ion bursts occur randomly or are 
correlated with Kp. 

b. To determine if there is a dependence on the occurence 
of the events on position in lunar orbit or lunar 
local time. 

c. To determine the characteristics of the ion spectra. 

d. To suggest some possible explanations for the pre¬ 
sence of these ions in the plasma cavity behind the 


moon. 
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CHAPTER 2 - INSTRUMENT 

2.1 BASIC PHYSICS OF OPERATION 

The SIDE, like most other particle detectors with an 
energy discrimination capability, determines the energy of a 
charged particle by observing how its trajectory is changed 
on entering a region where an electric exists. Normally this 
electric field is created by applying a constant potential 
difference across two parallel plates. If the applied elec¬ 
tric field is perpendicular to the trajectory of the particle, 
then the amount of deflection from the initial trajectory is 
a function of the energy of the charged particle and the 
strength of the deflecting field. 

The simplest configuration is shown in figure 2-1. The 
velocity in the direction of the deflected particle is: 


v 

y 



2-1 


where §p is the energy of the particle and rr. is the mass of 
the particle. 

If V, is the voltage across the plates, separated by a 
d 

distance d, then the electric field will be: 


E 

X 
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The particle will experience a transverse force resulting 

in a transverse velocity v given by: 

X 


V 

X 



q 

m 



.tf 








Figure 2-1 . Schenatic diagram of plane and curved plate 
electrostatic analyzers. The Wein velocity filter preceeds 
the curved plat analyzer to form the Mass Analyzer. 
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where q is the charge cf the particle and At is the time 
spent by the particle in the electric field. 

Thus 
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At = 


L 


and 


v = q Li L 
x m d v 
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where L is the length of the plates. 

The angle of deflection of the particle is then given bys 


. a v q V. L V L 

tan 9 = _£ = _ _ = q _d _ 


m d 


where is given by equation 2-1. So 


I* V 


2Sp 


IB. = 

q 2d tanfl 
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The critical energy to just pass through the plates is: 


* if 


q 


L V 


2d tar»9 


where tan0 = d/L. Therefore 


q 2d 2 
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This method of energy determination is not very useful 
since it only provides a lower limit to the energy of the 
particle. Thus, for §p * Sc, all particles will pass through 
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the plates. An upper cutoff for the particle energy may be 

*•1 * 

** provided if curved plates are used to generate the electro¬ 

static field. Now the energies of the particles that make it 
through the plates are confined to a narrow range. Both 
detectors in the SIDE instrument, the Total Ion Detector (TID) 
and the Mass Analyzer (MA), use such a set of curved plates 
for energy discrimination. 

The potential, as a function of R, between the curved 
plates is: 

2-7 

outer plate, and 
plate (figure 2-1). 
is applied between 


E = -Vcp 2-8 

so 

|e| = E = Xcj2 L i- 9 

tn(R b /R a ) R 

Performing a similar derivation as for the parallel plates, 
one gets for the particle energy that makes it through the 
plates: 


. . V tn(R/R ) 
cp(R) = _cp_ a_ 


■In (R /R ) 
b e 


where 


*b 


is the radius of curvature of the 


R is the radius of curvature of the inner 

a 

V is the total potential difference that 
cp 

the two curved plates. 


The electric field is given by: 


V 

-SR 

2-tn(RjVk ) 


i 


Ls. » ffivi 

q 2q 


2-10 
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It can be seen from equation 2-10 and the geometry of 
the system that only a narrow range of energies may pass 
safely through the apparatus. 

The curved plates described above may be used in con¬ 
junction with a velocity filter for mass discrimination of 
charged particles. The Wein velocity filter used in the MA 
consists of perpendicular electric and magnetic fields. The 
electric field is again a result of two parallel plane plates 
and the magnetic field is produced by a permanent magnet. 

The velocity of the particles is first determined by the 
velocity filter and then it is allowed to pass through the 
curved plates to determine its energy. 

On entering the velocity filter, the charged particle 

—* 

experiences two forces. One force due to E and one due to 

-♦ 

B. 


f = qE 
- E 

F 0 = qv x B 2-11 


In order for the particle to pass through the filter 
without a change in trajectory, the total force must be zero. 



2-12 


The particular velocity required for this condition to 
hold is: 


v = E/B 
V 

= —ftfi 
Bd 


2-13 
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where is the potential applied across the parallel plates 

and d is the separation of the plates. Thus, by varying V 

PP 

the allowed value of v may be changed. 

Combining equations 2-10 and 2-13, yields 


V 

m = 


B 2 d 2 


V 

SSL. 


q 2tn(R b /R a ) v 2 tn^/R^ Vpp 


2-14 


So, from equation 2-14, we see that for a certain value 
of v or we can determine the mass spectrum of the incoming 
particles by varying V . 

Figure 2-1 also shows the basic idea behind the operation 
of the MA. 


2.2 INSTRUMENT DESIGN 

Figure 2-2 shows schematically how the two detectors are 
arranged in the SIDE. The SIDE consists of two positive par¬ 
ticle detectors. The MA is indicated at the top and the TID 
at the bottom of the figure. The ions are incident from the 
right in the diagram. The entrance aperature for the TID 
measures 8 mm x 3 mm. The field of view for the TID is a 
square solid angle of approximately 6° on a side = The two 
concentric curved plates have radii 4.25 and 3.75 cm both 
covering an arc of 127° 17* (tt// 2 radians). The plates of the 
TID are stepped through twenty voltage increments resulting 
in the following energy channels; 1U, 20, 30, 50, 70, 100, 

250, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 2750, 
3000, 3250, and 3500 eV/q. This energy range covers solar 
wind energies down to the energy range expected for ions formed 
in the lunar atmosphere. 

After passing through the curved plates, an ion is detected 


* r r 




Figure 2-2 . Schematic diagram of the 
of the ion trajectories (Hills et al. 


TID and MA in the plane 
[1971]). 




LUNAR SURFACE 
GROUND PLANE 
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by a Bendix 4028 Channeltron^ This channel electron multi¬ 
plier is held at a potential of -3.6 kV to accelerate the 
particles into the detector, thereby enhancing the collection 
efficiency. The detector is operated in the pulse saturated 
mode so that the response of the counter is independent of 
the energy of the incoming particle. 

The curved plate electrostatic analyzer of the MA is 
similar in design to the TID. These plates are stepped through 
six voltage increments that correspond to the following energy 
steps: 48.6, 16.2, 5.4, 1.8, 0.6, and 0.2 eV/q. 

The Wein velocity filter is composed of two parallel 
plates each measuring 8 mm x 2 mm and separated by a distance 
of 0.8 cm. The magnetic field of the filter is provided by 
a permanent magnet that has a strength of 850 ± 10 gauss. 

The particle detector for the MA is another Bendix Chan- 
neltron®and it is also at a potential of -3.5 kV. 

The field of view for the MA is a square solid angle of 
4° on a side. 

The mode of operation of the SIDE is as follows. The 
SIDE executes one complete cycle every 2.55 minutes. Each 
cycle consists of 128 frames, 1.2 seconds per frame. The TID 
cycles through all twenty energy channels in twenty frames, 
thus obtaining six complete spectra each SIDE cycle. During 
this same 120 frames, the MA cycles through the twenty ion 
channels for each of the six energy steps. The remaining 
eight frames contain calibration data (figure 2-3). The ac¬ 
cumulation interval for each step in both the MA and the TID 
is 1.13 eec ± 0.025 sec. In order to allow time for data read¬ 
out and for transients to die out between frames, this time 
interval is less than the 1.2 seconds allowed per frame. 

The Wein velocity filter for each SIDE is different. The 
thrse SIDE'S therefore measure different mass ranges. Table 
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Figure 2-3 ♦ Normal operating mode for the TID and MA (Linde- 
man 11973]). 
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2-1 summarizes the characteristics of the SIDE'S deployed on 
Apollo missions 12, 14, and 15. The physical configuration 
of the SIDE is shown in figure 2-4. 

In order to measure the lunar surface potential, a wire 
spider web-like screen is placed under each SIDE on the moon. 
This screen connects the SIDE directly to the lunar surface 
assuming that there is good electrical ci itact between the 
screen and the lunar surface (see figures 2-5 and 2-6). The 
wire screen is connected to a stepping volta'ge supply. This 
stepping voltage is also connected to a wire grid above the 
ion apertures (figure 2-6). The stepping voltage cycles 
through 24 voltage steps from 27.6 volts to -27.6 volts (see 
Table 2-1). In the normal mode of operation, this voltage is 
stepped once every SIDE cycle. Therefore, one complete cycle 
of all 24 voltage steps requires 61.2 minutes. 

Aualysis of lunar surface potential measurements by Fenner 
et al 11973] and Freeman and Ibrahim [1974] has yielded a 
value t *10 volts for the dayside lunar surface potential. 

The suilace potential becomes negative at the terminators and 
possibly -100 volts on the night side of the moon (figure 2-7). 

2.3 CAU h RAT ION 

The quantity that is directly available from the SIDE 
data is the counting rate R. R may be converted in to a more 
useful quantity known as the unidirectional differential flux 
j(E.O). 

The counting rate at an energy E may be calculated as 
follows: 


R « J J* g(E, 6 ,<p) j (E, 0 ,cp) dQdcpdE 
E 0 


2-15 




ENERG Y STEPS 


TIP 

10 

20 

30 

50 

70 

100 

250 

500 

750 

1000 

1250 

1500 

1750 

2000 

2250 

2500 

2750 

3000 

3250 

3500 


M 

48.6 

16.2 

5.4 

1.8 

0.6 

0.2 



I 

r 


2-1 

GROUND 

APPROX . MASS RANGES (AMU) PLANE 

STEPPER 
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Figure 2-4 . Schematic diagram depicting the location of the 
electronics and the two analyzers in the expeiiment package 
(Freeman et al. [1969]). 

Figure 2-5 . Deployed configuration of the SIDE showing the 
ground plane grid and the grid over the entrance apertures 
(Freeman et al. [1969]). 

Figure 2-6 . Schematic diagram illustrating the relationship 
between the entrance grid and the ground plane grid. The two 
grids are connected with each other by a stepping voltage 
supply. 

Figure 2-7 . Results of the determination of the lunar surface 
potential (Freeman and Ibrahim [1974]). 
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where 

g(E,0,cp) = unidirectional geometric factor at 
2 nergy E 

If we assume that the flux of particles is isotropic 
over the field of view of the detector, then j(K,0,cp) is ap¬ 
proximately independent of 0 and cp. Then, 

R = J j (E, P.) J g (E , 0, cp) d0dpdE 2-16 

E n 

The only quantity that may be experimently determined in 
the laboratoy iss 

G(E) = A(E) n(E) e (E ) ^ J g(E,0,cp) d0 dqp 2-17 

where, 

A(E) = effective area of the detector seen by the 
particle 

fi(E) = effective solid angle seen by the incoming 
particle 

e(E) = efficiency of the detector for a particle of 
energy E 

If we make the second assumption that the flux is also 
constant over the bandwidth of the detector, then, 

R = j(E,n) J G(E) dE 
E 

R . G q j(E,n) 2-18 
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G = f G(E) dE (cm^-ster-eV) 
o 1 
E 


G(E) is integrated over the bandwidth of the detector. There¬ 
fore , 


j(E,0) = £ 


particles 


2-19 


G \cm^-ster-sec-eVj 
o 


The omnidirectional flux is obtained by integrating j(E,fl) 
over n 


space 


j nmni = J j(E,n) dn 

omm 


particles 

cm^-sec-eVl 


2-20 


The corresponding integral fluxes are obtained by inte¬ 
grating over the entire energy spectrum. 


J . = J* j(E.n) dE 
uni J 


particles 
Icirt -ster-sec 


) 
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and 


omm 


J J j(E,n) dEdn 

n e 


[ particles 

cm^-sec 


) 


2-22 


All three SIDE instruments have been calibrated in the 
laboratory. Lindeman (1973) gives an extensive discussion of 
the calibration and the analysis of the results of both the 
MA and the TID. The calibration results for the MA and the 
TID are shown in figures 2-8 to 2-10. 
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Pi m ue 2-8 . TID calibration results of the Apollo 14 instru¬ 
ment. The upper graph shows the unidirectional geometric 
factor as a function of the nominal center energy. The middle 
graph shows the parallel beam geometric factor as a function 
of the nominal center energy. The lower graph shows the 
energy bandpass (full width at half maximum) as a function of 
the nominal center energy. Note that the bandpass is approx¬ 
imately 8% of the center energy (plotted from data compiled 
by Lindeman (1973)). 

F igure 2-9 . The energy response of the SIDE for a typical 
calibration run using a single energy channel (Fenner [1974]). 

Figure 2-10 . Summary of the results of the MA calibration 
(plotted from data compiled by Lindeman [1973]). 
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2.4 DEPLOYMENT AND ORIENTATION IN SPACE 


The SIDE was deployed in three separate locations on the 
moon by Apollo missions 12, 14, and 15. All three Side's 
were successfully deployed and only the Apollo 12 and 15 
instruments are still functioning at the time of this writing. 
The Apollo 14 SIDE stopped transmitting reliable data rear the 
end of 1974. 

The Apollo 12 SIDE was deployed by Alan Bean and Pete 
Conrad during their first lunar excursion (EVA) on November 
19, 1969. The Apollo 12 site is located in the Ocean of Storms 
at 23.4° W longitude and 3.04° S latitude (all locations are 
in selenographic coordinates). 

The second instrument, the Apollo 14 SIDE, was placed on 
the moon by Alan Shepard and Ed Mitchell on their first EVA 
in the Fra Mauro Highlands (17.48° W, 3.65° S) on February 5, 
1971. 

Almost six monthi later, the Apollo 15 SIDE was deployed 
in the Hadley - Appenine area (3.7° E, 26.2° N) on July 31, 

1971 by Dave Scott and James Irwin. 

Figure 2-11 shows the location of each SIDE instrument 
on the lunar surface and their corresponding selenographic 
coordinates. Figure 2-12 is a collection of photographs 
showing the SIDE'S in the deployed configuration in the lab¬ 
oratory and on the moon. 

In order to assure the proper alignment of the Apollo 12 
and 14 SIDE'S, each SIDE war equipped with a bubble leveling 
device attached to the top of the instrument. The bubble 
level allows the astronaut to align the SIDE within 5° of 
local vertical, thus permitting the look direction of the 
Apollo 12 and 14 SIDE'S to be approximately in the ecliptic 
plane. Due to its high latitude, the Apollo 15 SIDE was equip" 
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F igure 2-11 . The location on the moon of the Apollo 12, 14, 
and 15 ALSEP sites along with their respective selenographic 
coordinates. 

Figure 2-12 . Photographs of the Apollo 12 and Apollo 14 SIDE 's 
deployed on the lunar surface. The photograph of the Apollo 
15 SIDE was taken in the laboratory otior to flight (after 
Medrano [1973]). 
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APOLLO 14 17.48® W 3.65°S 

APOLLO 15 3.7° E 26.2° N 
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ped with an adjustable leg permitting its look direction to 
be also approximately in the ecliptic plane (figure 2-13) . 

The whole instrument is thus tilted 26° south with respect to 
the local vertical at the ALSEP site. 

The look direction of the detector in each SIDE is 15° 
from the body axis of the SIDE (figure 2-14). The selenographic 
longitude of each instrument plus this 15° offset yields the 
correct longitude of the look direction of each instrument. 

The three different look directions of the three SIDE'r 
provides a directional sampling of magnetosphere and solar 
wind particles at any given time. The look directions of the 
three detectors are shown for various positions in lunar orbit 
in figure 2-15. The magnetosphere and the bow shock front are 
drawn in for reference. 

The moon, and therefore the three SIDE instruments, moves 
through a number of different plasma regimes in the course of 
one lunation. In this thesis we will be concerned with only 
ions observed during the lunar night. Nighttime ions may be 
c -erved at any time between local sunset and local sunrise 
for each of the three SIDE instruments. It can be seen in 
figure 2-15 that during local lunar night for each SIDE, the 
detector is looking away from the sun, and thus into the so- 
called plasma void. This "void" is caused by the moon block¬ 
ing the solar wind. 

Figure 2-16 illustrates the look directions of the Apollo 
12, Apollo 14, and Apolio 15 instruments a* local sunset, local 
midnight, and local sunrise. It is interesting to note that 
at local sunset, the Apollo 12 SIDE looks 15° towards the 
plasma flow, whtreas the Apollo 14 and Apollo 15 instruments 
look 15° away from the plasma flow. At local sunrise, the 
situation is reversed. 

Only data from the Apollo 14 and 15 instruments have been 
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Figure 2-13 . The upper figure shows the location in latitude 
of the three SIDE instruments. Apollo 12 and Apollo 14 are 
at approximately the same latitude. The lower figure shows 
the longitudinal location of the three SIDE'S. The Apollo 
14 SIDE looks almost directly back at the earth at ail times 
(Benson [1974]) . 

Figure 2-14 . Relationship of the look directions of the three 
detectors to their respective body axes (Benson [1974]). 

Figure 2-15 ♦ The look directions of the three detectors at 
various positions in lunar orbit. Local noon, sunset, mid¬ 
night, and sunrise are indicated for each instrument. The 
positions of the bow shock front and the magnetopause are 
shown for reference. 

Figure 2 -16 . Look directions of the Apollo 12, Apollo 14, 
and Apollo 15 instruments at local sunset, local midnight, 
and local sunrise. The look direction of the Apollo 12 SIDE 
is separated by 30° from the Apollo 14 and Apollo 15 SIDE 's 
at the same local time. The spacing between each set of look 
directions is one day. Note that at local sunset the Apollo 
12 instrument looks 15° towards the plasma flow and the Apollo 
14 and Apollo 15 instruments look 15 c away from the flow. The 
situation is reversed at local sunrise. 
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used in this study. Data from Apollo 12 has not been looked 
at as of this time. 
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CHAPTER 3 - DATA 


3.1 INTRODUCTION 


The three SIDE'S located at the Apollo 12, 14, and 15 
ALSEP sites regularly observe ion fluxes at any time during 
the local lunar night (figure 3-1). Freeman [1972] reported 
on one particular ion event seen by the Apollo 12 SIDE 4.7 
days prior to local sunrise. This ion event and the ion events 
reported in this thesis are the Type III ion events reen by’ 
Lindeman [1971]. This thesis reports on the preliminary find¬ 
ings of a detailed study begun on this particular subject. 

Only data from the Apollo 14 and Apollo 15 SIDE's is 
discussed in this thesis. The data from the Apollo 12 SIDE 
has not been analyzed yet. 

In the present analyses, the first twenty seven lunations 
of the Apollo 14 instrument (February 1971 - April 1973) and 
the first twenty one lunations (excluding lunations 16, 17, 

and 18) of the Apollo 15 instrument (August 1971 - April 1973) 
were examined. Since the Apollo 15 SIDE was deployed approx¬ 
imately six months after the Apollo 14 SIDE, only the latter 
twenty one lunations of the Apollo 14 data are coincident in 
time with tne data from the Apollo 15 instrument. 

No mass analysis of the nighttime ion events is possible 
since their respective energies are too high to be detected 
by the Mass Analyzer. The highest particle energy that the 
MA can observe is 48.6 eV/q and the lowest energy of the night¬ 
time ion events is 250 eV/q. Therefore, only data from the 
TID was analyzed. Consequently, one has to assume a mass 
composition for these ion events. 
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Figure 3-1 . Diagram showing one complete lunation (from 
local midnight to local midnight) of ion data collected by 
the SIDE. The lunation plotted is lunation 20 for the Apollo 
15 SIDE. Nighttime ion events (NIE) are seen in the first 
panel. The x-axis represents the 20 e. ergy channels of the 
SIDE which are: 10, 20, 30, 50, 70, 100, 250, 500, 750, 1000, 
1250, 1500, 1750, 2000, 2250, 2500, 2750, 3000, 3250, and 3500 
eV/q. The y-axis proceeds up the page and each unit is equal 
to 24 hours. The z-axis is the log of the average counting 
rate in each energy channel and one counting rate energy spec¬ 
trum corresponds to a twenty minute average of the data. The 
whole lunation is divided into 4 panels. The first panel runs 
in time from local midnight to local sunrise, the second from 
local sunrise to local noon, the third from local noon to local 
sunset, and the fourth from local sunset to local midnight. 

Each panel is approximately 7 1/2 days of data. Mid, s r, 
noon, and a s correspond to midnight, sunrise, noon, and sun¬ 
set respectively. 
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3.2 OBSERVATIONS 

Nighttime ion events occur sporadically throughout the 
local lunar night and are not observed on every lunation. 

Some lunations show very little activity whereas other luna¬ 
tions are extremely active. There is, however, a definite 
period just before local lunar midnight where nighttime ions 
are never observed (figures 3-2 and 3-3). It can be seer, from 
figures 3-2 and 3-3 that the activity increases after locai 
midnight and that the Apollo 15 instrument is much more active 
than the Apollo 14 instrument for the same period of time. 

The increased activity at the Apollo 15 ALiEP site over 
the Apollo 14 AL3BP site may be due to the fact that the local 
magnetic field at the Apollo 14 site is much stronger than at 
the Apollo 15 ALSEP site. Burke and Moore [1975] calculated 
that the magnetic field at the Apollo 14 site strongly influ¬ 
ences the flux of photoelectrons that they observe. This 
local magnetic field tends to screen the detectors at the 
Apollo 14 ALSEP site from incoming particles. Since there is 
a very small local magnetic field at the Apollo 15 ALSKP site, 
it would not effect the particle fluxes incident there at the 
lunar surface. 

The observed energies of nighttime ion evr .ts range from 
250 to 1000 eV/q. These ion energies are slightly less than 
the average solar wind energy of 800 eV. The nighttime ion 
events differential flux energy spectra normally peak in the 
500 eV/q energy channel (figure 3-4). However, the peak energy 
of the differential flux energy spectra statistically shifes 
as the moon rotates. The Apollc 14 SIDE observes nighttime 
ion events peaking in the 500 eV/q energy ch'nnel up to 3 days 
past local midnight. The peak energy then shifts up to the 
750 eV/q energy channel for about one day. Approximately 48 
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,] Figure , 3,-2 . Chart depicting the time of occurence and dura¬ 

tion of nighttime ion events for the Apollo 14 SIDE. The x- 
axis is in units of hours after local sunset with local mid¬ 
night at 180 hours and local sunrise at 360 hours (based on 
a 15 day lunar night). The y-axis is the lunation number of 
the 27 consecutive lunations progressing down the page. The 
strength of the nighttime ion events is not indicated, but 
the peak onergy present in the counting rate spectrum for each 
event is shown. 

Figure 3-3 ■ Same format as for figure 3-2 except that the 
data plotted is for Apollo 15. 

Figure 3-4 . Twenty minute averaged differential flux energy 

spectrum for an event in the 500 eV/q energy channel. The 

i 

background flux represents an average counting rate of 0.18 
counts per energy channel. This event occured 4 days before 
local sunrise (Schneider and Freeman [1975]). 
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hours prior to local sunrise, the energy spectrum shifts 
down to 250 eV/q and this peak energy is observed up to the 
sunrise terminator (figure 3-5). 

The Apollo 15 SIDE observes qualitatively the same be¬ 
havior. The peak energy is seen to shift between the 250 and 
500 eV/q energy channels for ten days past local sunset, most 
often peaking in the 500 eV/q energy channel. The nighttime 
ion spectra are then observed to peal; in either the 500 or 
750 eV/q energy channels for approximately two days. Again, 
prior to local sunrise, the peak energy of the nighttime ion 
spectra shifts down to the 250 eV/q energy channel (figure 
3-6) . 

One notices form figures 3-2, 3-3, 3-5, and 3-6 that 
nighttime ion events do occur with peak energies of 1000 and 
1250 eV/q. It can also be seen that these higher peaked en¬ 
ergy events occur most often after local midnight. This phen¬ 
omenon is probably a result of the fact that more nighttime 
ion events are observed after local midnight than before. 

Figures 3-7, 3-8, and 3-9 show twenty minute averaged 
nighttime ion differential flux energy spectra peaking respec¬ 
tively in the 250, 750, and 1000 eV/q energy channels. One 
notices from figures 3-4, 3-7, 3-8, and 3-9 that the differ¬ 
ential flux of the ions is sharply peaked about the peak en¬ 
ergy. The background differential flux line in each figure 
represents an average counting rate in all energy channels 
that is very small (0.11 to 0.23 counts). The average back¬ 
ground flux is computed for the corresponding twenty minute 
time interval that is averaged over for each individual event. 
The nighttime background flux is very stable and it is always 
within the above limits for a twenty minute average of night¬ 
time data. One must keep in mind, however, that the background 
differential flux that is plotted is indeed a time average and 
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Figure 3-5 . Diagram displaying the peak energy shift of night 
time ion events for the Apollo 14 SIDE from local sunset to 
local sunrise. Time progresses down the page in 12 hour seg¬ 
ments and energy increases to the right. The third dimension 
is the number of events per lunation with a particular peak 
energy. A scale to measure this number from the plot is 
given in the lower right hand corner. 

Figure 3-6 . Diagram displaying the peak energy shift of night 
time ion events for the Apollo 15 SIDE from local sunset to 
local sunrise. Same format as figure 3-5. 

Figure 3-7 . Twenty minute averaged differential flux energy 
spectrum for a nighttime ion event peaking in the 250 eV/q 
energy channel. The background flux represents an average 
counting rate of 0.19 counts per energy channel. This parti¬ 
cular event occured 4 days after local sunset. 

Figure 3-8 . Twenty minute averaged differential flux energy 
spectrum for an event in the 750 eV/q energy channel. The 
background flux represents an average counting rate of 0.11 
counts per energy channel. This event occured 4 days before 
local sunrise. 

Figure 3-9 . Twenty minute averaged differential flux energy 
spectrum for an event peaking in the 1000 eV/q energy channel. 
The background tlux represents an average counting rate of 
0.23 counts per energy channel. This event occured 4 days 
before local sunrise. 
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not necessarily the same in er~h energy channel. Figure 3-8 
shows what appears to be a double peaked spectrum with energy 
peaks in the 100 and 750 eV/q energy channels. What is actu¬ 
ally the case is that the background differential flux computed 
from the background channels is in all probability too low. 

If the real background flux represented an average counting 
rate of 0.23 counts instead of 0.11 counts, then the spectrum 
above the background would not be double peaked. 

One notices from figures 3-4, 3-7, 3-8, and 3-9 that, 

when an event occurs, the differential flux in the energy 

channels where an event is present is of the order of 10 3 ions/ 
2 

cm -sec-ster-eV. Integration over the entire spectrum above 
the background fcr an event the yields an integral flux on the 
of 10 6 ions/cm^-sec-ster. This flux is less than the solar 
wind flux by 2 orders of magnitude. 

There are a few scattered cases when either the Apollo 
14 or Apollo 15 SIDE observes a mono-energetic nighttime ion 
spectrum in either the 250 or 500 eV/q energy channel (figure 
3-10). These events always occur 2 to 3 days prior to local 
sunrise. The error bars on the peak in figure 3-10 are so 
small because this particular event was continuous at the same 
flux throughout almost the entire twenty minutes the event was 
averaged over. 

The occurence of a nighttime ion event is characterized 
by a sharp increase in the counting rate, in the characteris¬ 
tic energy channels, at the onset and a sharp decrease in the 
counting rate at the end. There is no noticeable rise or de¬ 
cay of the counting rate. Figure 3-11 displays the ten minute 
averaged counting rate for twenty four hours in the 250, 500, 
750, 1000, and 1250 eV/q energy channels. The particular 
events plotted were seen by .he Apollo 15 instiument on day 
65 of 1973. These ion events occured six days prior t) local 
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Figure 3-iO . Twenty minute averaged differential flux energy 
spectrum for a mono-energetic nighttime ion event in the 250 
eV/q energy channel. The background flux represents an aver¬ 
age counting rate of 0.21 counts per energy channel. This 
event occured 3 days before local sunrise. 

Figure 3-11 . A plot of the ten minute averaged counting rate 
for 24 hours in the 250, 500, 750, 1000, and 1250 eV/q energy 
channels. Shaded regions indicate the time and duration of 
the events. These particular events occured at the Apollo 15 
ALSEP site 6 days before local sunrise. 
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sunrise. 

Figure 3-11 also demonstrates the fact that the night¬ 
time ion events are short lived. The duration of nighttime 
ionevents is most often 4 hours or less and normally on the 
order of minutes. Table 3-1 tabulates the number of events 
of a particular duration for both the Apollo 14 and Apollo 15 
instruments. The long lived ion events listed in Table 3-1 
are normally a superposition of a number of shorter events. 

The lunar night is very quiet except for the occurence 
of a nighttime ion event. It is therefore extremely easy to 
detect the presence of an event. Near the terminator regions, 
the SIDE also observes bow shock protons (Benson [1974]). The 
energy spectrum of niglttime ions is entirely different from 
bow shock protons (figure 3-12). We can safely state, there¬ 
fore, that the source mechanism for those two types of ion 
events is different. Figure 3-13 gives a clear indication of 
the difference between nighttime ions and bow shock protons. 
The bow shock protons are seen in fiqute 3-13 as the high en¬ 
ergy shoulder that starts just before sunrise. Also seen in 
figure 3-13, starting at about sunrise, are low energy ions. 
These ions are a result of the negative surface potential near 
the terminator (Lindeman et al. [1973]). 

As mentioned earlier, nighttime ion events may occur at 
any time between local lunar sunset and local lunar sunrise. 
Nighttime ion events are not ju't confined to the lunar night¬ 
time. There a few rare cases where the SIDE observes a mono- 
energetic 500 eV/q ion peak that begins prior to the sunrise 
terminator crossing and persists until the moon enters the 
earth's magnetosheath. This phenomenon will be discussed fur- 
cher in a later section. 

There is a preference for nighttime ion events to occur 
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Figure 3-12 . Two bow shock proton spectra averaged over 
twenty minutes. These bow shock proton spectra occured about 
1 day from the bow shock on either side of the magnetosphere. 
Dusk and dawn refer to a terrestrial coordinate system. The 
integral fluxes were obtained by integrating over the spectrum 
that is above background. Note the obvious difference between 
these spectra and the nighttime ion spectra (Benson et al. 
[1974]) . 

Figure 3-13 . A three-dimensional plot illustrating the posi¬ 
tive nighttime ion events and bow shock proton events. The 
energy channel scale is not a linear scale, the corresponding 
energy channels measure the following energies: 10, 20, 30, 

50, 70, 100, 250, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250, 
2500, 2750, 3000, 3250, and 3500 eV/q. The z-axis is the 
logarithm of the average counting rate over a twenty minute 
time interval. The y-axis is the time axis proceeding posi¬ 
tively up the page. One unit on the y-scale is 24 hours and 
one spectrum represents a twenty minute average of the data. 
This particular plot starts about 13 days after local sunset. 
The low energy ions seen near the end of the plot are termina¬ 
tor ions and are only seen at the terminators. BSP, NIE, and 
TI are abbreviations for bow shock protons, nighttime ion 
events, and terminator ions respectively (after Schneider and 
Freeman [1975]). 
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most often 1 to 6 days before local sunrise with a peak 2 to 
3 days before local sunrise. There is also a secondary peak 
3 to 4 days after local sunset (figure 3-14). The time scales 
for the data from the Apollo 14 and Apollo 15 SIDE ’s are ad¬ 
justed in figure 3-14 such that local sunset for both instru¬ 
ments coincides. It can be seen from figure 3-14 that both 
the Apollo 14 and Apollo 15 SIDE'S exhibit roughly identical 
frequency of occurence profiles. 

One noticeable feature of figure 3-14 is the minimum of 
<:ero activity just before local midnight for both SIDE'S. 

At this position, the SIDE is looking in the anti-solar direc¬ 
tion and right in to the middle of the plasma "cavity". 

The peak counting rate of the nightv.ime ion events also 
has a profile that is a function of time after sunset (figure 
3-15). The error bars are large on the data points, but the 
peak counting rate profile has a similar shape as the frequency 
of occurence profile. The two peaks in the counting rate pro¬ 
file coincide with the two peaks in the activity profile at 

2 days before sunrise and 3 days after sunset. 

It is interesting to note that near the local sunset ter¬ 
minator, the Apollo 14 and Apollo 15 SIDE's look 15® away 
from the plasma flow. At the local sunrise terminator, the 
two instruments look 15° towards the plasma flow (figure 3-16). 
From figure 3-14 one sees that the secondary activity peak at 

3 days after local sunset is very much smaller than the primary 
activity peak at 2 days prior to local sunrise. These factors 
suggest that there is a greater probability of observing an 
event by the SIDE when the look direction of the SIDE is per¬ 
pendicular to the plasma flow than when it is not. If this 
hypothesis is indeed the case, then the Apollo 12 SIDE would 

be expected to exhibit a frequency of occurence profile with 
the primary peak at 3 to 4 days after local sunset and the 




Figure 3-14 . The average number of nighttime ion events per 
lunation for a 12 hour segment as a function of time after 
local sunset. The data is adjusted to local sunset for both 
the Apollo 14 and Apollo 15 SIDE'S. This adjustment was per¬ 
formed because sunset occurs 2 days earlier at the Apollo 15 
ALSEP site than at the Apollo 14 ALSEP site. Activity increases 
outward from the center. Note that the primary activity peak 
is much stronger than the secondary peak. Note also that the 
Apollo 15 STDE is more active than the Apollo 14 SIDE. 

Figure 3-15 . The average counting rate per lunation for a 
12 hour period as a function of time after local sunset for 
the Apollo 14 SIDE. Note that this graph exhibits the same 
behavior as figure 3-14. 

Figure 3-16 . Look directions of the Apollo 12, Apollo 14, 
and Apollo 15 instruments at local sunset, local midnight, and 
local sunrise. Note that at local sunset the Apollo 12 instru¬ 
ment looks 15° towards the plasma flow and the Apollo 14 and 
Apollo 15 SIDE's look 15° away from the flow. The situation 
is reversed at local sunrise. The separation between each 
set of look directions is one day. 
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secondary peak 2 to 3 days prior to local sunrise- This be¬ 
havior would be expected since that at the same lunar local 
time, the look direction of the Apollo 12 SIDE points 30° 
away from the look directions of the Apollo 14 and Apollo 15 
SIDE's. Figure 3-16 clearly illustrates this point. 

The selenographic coordinates of each ALSEP site were 
given in section 2.4. One notices that the Apollo 14 site is 
separated from the Apollo 15 AT TEP site by approximately 20° 
of longitude. Twenty four hou.a corresponds to 12.2° of lunar 
rotation. Therefore, any particular lunar local time at the 
Apollo 15 ALSEP site occurs almost two days before the same 
lunar local time at the Apollo 14 ALSEP site. Combining this 
fact and similarity in the frequency of occurence profiles 
(figure 3-14) leaae directly to the conclusion that the occur¬ 
ence of nighttime ion events depends on lunar local time 
rather than on a position in lunar orbit. 

3.3 CORRELATION WITH Kd 

One possible explanation for the source of nighttime ions 
is that they are deviated solar wind particles. One method 
of checking this hypothesis is to see if there is any correl¬ 
ation of nighttime ion events with solar wind parameters. 

Since solar wind data is not readily available, an alternative 
value to use is the geomagnetic activity index Kp. 

Scientists have recently confirmed a direct correlation 
of the following solar wind parameters with an increase in Kp 
(reviewed by Hundhausen (1970]): 

1. An increase in the solar wind speed (Ballif et al. 
11969]). 

2. An increase in the magnitude of the interplanetary 
magnetic field (Schatten and Wilcox (1967]). 
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Fluctuations in the interp:.aetary magnetic field 
(Rostoker and Falthiminer f j'<67]). 

4. An increase in the . oul J component of the inter- 
nlanetary magnetic fiv ’ jchatten and Wilcox [ 1967]). 

Howe r, the mechanise * cich the solar wind influences 
and changes it- not gen'. : y agreed upon (Brandt [1970]). 

There are two major ;imiting factors in using Kp to study 
the solar wind interaction problem. Firstly, the only values 
of Kp available are three hour averages, where a time resolu¬ 
tion of a few minutes is really needed. Secondly, Kp only 
gives an average value for the level of geomagnetic activity 
and it does not distinguish between types of geomagnetic events. 

If it is possible to correlate nighttime ion events with 
Kp, then one would be able to state that nighttime ions are 
in some way correlated with the solar wind or geomagnetic 
activity. 

A thorough study of the Kp correlation problem was only 
carried out for the first eleven lunations of the Apollc 14 
SIDE (February 1971 to December 1971). A cursory examination 
of Kp and the Apollo 15 data indicate that the behavior was 
Lhe same for both instruments. 

The first attempt at Kp correlation was to determine if 
Kp was correlated with the activity profile of Apollo 14 (fig¬ 
ure 3-14). The fifteen days of lunar night were divided in 
to 12 hour periods and then the average Kp for each 12 hour 
period was calculated. The total Kp for a particular period 
was then compared with the average number of nighttime ion 
events per lunation for that period. Figure 3-1"? gives the 
results and shows that there is little or no Kp correlation. 

The next attempt at Kp correlation was to see if Kp was 
correlated with the duration or the peak energy of the night¬ 
time ion events. Again, the results were negative (see figures 




Figure 3-17 . The average number of events per lunation vs. 
Kp. The correlation coefficient r = 0,1588. 




TOTAL Kp 



i 1 i I : 

27 

3-18 and 3-19). 

A final attempt at ascertaining if there is a correlation 
with Kp was to check on the relationship between the total 
counting rate and Kp. Total counting rate is directly related 
to the integral flux, so this attempt is also a check on inte¬ 
gral flux as a function of Kp. First the total counting rate, 
for a twenty minute average, was checked as a function of Kp 
for the entire lunar night (see figure 3-20). Little or no 
correlation with Kp was found. The next step was to take out 
the effect of the orbital position of the moon from the data.' 
The orbital effect was removed by looking at a particular per¬ 
iod in the orbit. The time interval 2 to 3 days prior to local 
sunrise (i. e. the most active time period in the lunar night) 
was divided in to 3 hour time segments to coincide with the 3 
hour averages of Kp. The total counting rate observed by the 
Apollo 14 SIDE was then compared with the Kp for the same 3 
hour period in the 11 consecutive lunations (figure 3-21). 
Again, as in the other cases, there was found to be little or 
no correlation with Kp. 

As was mentioned earlier in this chapter, the SIDE some¬ 
times observes a mono-energetic spectrum centered in the 500 
eV/q energy channel that is observed to continue through the 
sunrise terminator region and on up to the magnetosheath cross¬ 
ing (figure 3-22). This particular event is only observed 
with the Apollo 15 SIDE and it only occured in 4 lunations out 
of the 19 lunations that were studied. 

This 500 eV/q "ridge" is different in appearance from 
nighttime ion events in that it is not burst of ions that char¬ 
acterizes nighttime ion events and its differential flux is 
constant over a relatively long period of time (figure 3-22). 

A cursory comparison of the occurence of this phenomenon 
and Kp indicates that this type of ion event is absent during 
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Figure 3-18 . The duration of an event vs. Kp. Thu correlation 
coefficient r = -0.084. 

Figure 3-19 . The peak energy of ar. event vs. the average Kp. 
There appears to be no correlation. 

Figure 3-20 . Total average counting rate per 20 minutes for 
a 3 hour Kp interval vs. Kp. The correlation coefficient 
r = 0.0732. 

Figure j-?j. Total average counting rate per 2 0 minutes for 

a 3 hour Kp interval for a particular 3 hour interval during 
the lunar night vs. Kp. The correlation coefficient r -- -0.0265. 

Figure 3-22 . Figure similar in format to figure 3-13. Note 
the steady mono-energetic 500 eV/q "ridge" that continues on 
up to the magnetosheath. BSP and MS are abbreviations for bow 
shock protons and magnetosheath respectively. 
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disturbed periods, i. e. Kp > 3. This information indicates 
that this type of ion event is of a different nature than the 
nighttime ion events. 

In summary, the correlation with Kp was found to be ex¬ 
tremely marginal for the following quantities: 

1. The frequency of occurence of an event. 

2. The duration of an event. 

3. The peak energy of the counting rate spectrum of an 
event. 

4. The total counting rate or integral flux of an event. 
Therefore, nighttime ion events are not related to geomagnetic 
activity, but they may be related to a single solar wind par¬ 
ameter. This fact has yet to be determined. 

3.4 OBSERVATIONAL CONCLUSIONS 

The characteristics of nighttime ion events may be sum¬ 
marized as follows: 

1. I'ighttime ion events occur more often at the Apollo 
15 site than at the Apollo 14 site. 

2. The range of energies of nighttime ion events is from 
250 to 1000 eV/q peaking most often in the 500 eV/q 
energy channel. The average solar wind energy is 800 
eV, which corresponds to a solar wind velocity of 
about 400 km/sec. It was mentioned in Chapter 1 that 
the velocity of the solar wind may vary from 200 to 
900 km/sec. These velocities correspond to peak solar 
wind energies ranging from 200 eV to 4200 eV. This 
energy range is sufficient to overlap the energies of 
nighttime ion events. Figure 1-1 is a counting rate 
spectrum for the solar wind and thus it can not be 
compared to a differential flux energy spectrum of a 
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nighttime ion event without knowing the geometric 
factor of the Vela 3 detector. It will be interest¬ 
ing to compare concurrent differential flux enrgy 
spectra for the solar wind and nighttime ion events 
to see how far the peak energy is shifted, if at all. 

3. The differential flux energy spectrum (figure 3-33) 
of a nighttime ion event is sharply peaked about the 
central energy like the solar wind. The integral 
flux of nighttime ions is also down by 2 orders of 
magnitude from the solar wind. 

4. The peak energy of nighttime ion events statistically 
shifts from 500 eV/q at local sunset to 750 eV/q just 
after local midnight to 250 eV/q in the pre-dawn hours. 

5. A nighttime ion event appears to be a burst of ions 
rather than a rising or decaying ion flux. Nighttime 
ion events last for only a short period of time, usual¬ 
ly less than one hour. This behavior is indicative 

of highly directional ion fluxes. Therefore, an iso¬ 
tropic mixing of plasma in the plasma cavity near the 
lunar surface seems unlikely. 

6. Nighttime ion events may be seen at any time during 
the lunar night except near local midnight. There 
are two activity peaks, a primary peak 2 to 3 days 
before local sunrise, and a very weak secondary peak 
3 to 4 days after local sunset. Figure 3-24 shows 
the region where the primary peak occurs. This region 
is broadened in the figure because of the 2 day lag 
between lunar local times at the 2 ALSEP sites. Also, 
because of this time lag, there are never any simul¬ 
taneous events observed by the Apollo 14 and Apollo 

15 SIDE 

The counting rate of the Apollo 14 SIDE also increases 
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Figure 3-23 . Twenty minute averaged differential flux energy 
spectrum for an event where the differential flux spectrum 
peaks in the 500 eV/q energy channel. The background flux 
represents an average counting rate of 0.18 counts per 
channel. This event occured 4 days after local sunset. 

Figure 3-24 . Lunar orbit showing the look directions of the 
three SIDE instruments with respect to the earth-moon system. 

The area of greatest activity of nighttime ion events is in¬ 
dicated. The region appears broad because it is a superposition 
of the data from the Apollo 14 and Apollo 15 SIDE's. The bow 
shock front and the magnetopause are drawn in for reference 
(Schneider and Freeman [1975]). 
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with increased activity resulting in a profile that ia3 the 
same general shape as the frequency of occurence profile. 

These facts again argue that the occurence of a nighttime 
ion event is a lunar local time dependent phenomenon. 

7. There is little or no correlation of nighttime ion 
events with Kp. Hence, these events can not related 
to the earth's magnetosphere. 

3.5 DISCUSSION 

Reasoner [1975] has observed electron fluxes on the night- 
side of the moon with the Charged £article J^unar Environment 
Experiment (CPLEE; which he has classified in to three types 
of event8. 

Type I electron events are only seen when an interplanet¬ 
ary magnetic field line connects the dark side of the moon 
with the earth's bow shock front. These electron events have 
been labeled ai bow shock electrons. 

Type II electron events are lower intensity t.ian Type I 
and are uncorrelated with both the interplanetary magnetic field 
and Kp. Reasoner theorizes that the source cf these electrons 
is the wea<: shock 4 to 5 lunar radii downstream from the moon 
that was first modeled by Michel [1968]. 

The third type of electron fluxes, Type III, are only ob¬ 
served in the lunar terminator regions and are absent when Kp 
is 1+ or less. Reasoner speculates that Type III electrons 
are due to solar wind electrons which have been thermalized 
and scattered to the lunar surface by lunar limb shocks. 

Since Reasoner's Type II electron fluxes are uncorrelated 
with Kp and occur sporadically throughout the lunar night, they 
may be associated with nighttime ion events. However, the en¬ 
ergies of Type II electrons range from 90 to 120 eV, which is 
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too low to match the energies of nighttime ions. Freeman and 
Ibrahim [1974] suggest that the lunar surface potential may 
be as negative as -100 volts on the nightside of the moon. 

If this is indeed the case, then any electrons in the vicinity 
of this potential will lose energy before reaching the moon, 
and any ions will gain energy before reaching the moon. A 
lunar surface potential of -100 volts would imply initial elec¬ 
tron energies of 190 to 220 eV and initial nighttime ion ener¬ 
gies of 150 to 900 eV/q. This potential is sufficient to cause 
an overlap of electron and ion energies. It is possible, there¬ 
fore, that the source mechanism for Type II electrons and night¬ 
time ions is the same. One problem in checking the validity 
of this statement is the fact that Reasoner has analyzed only 
six or seven months of nighttime electron data (private communi¬ 
cation) . Therefore, a statistical statement about Type II elec¬ 
trons can not be made. 

Because the characteristic energies of nighttime ion events, 
even after being accelerated by a possible -100 volts lunar 
surface potential, are still close to the solar wind energies, 
the source of these ions is probably the solar wind. This 
source is further suggested by the lunar local time dependence 
of the phenomenon. These ions probably represent solar wind 
plasma that has moved in, perhaps by turbulence near the limbs, 
to partially fill the plasma void behind the moon. 

As mentioned earlier in Chapter 1, Wu and Dryer [1972] 
predict a small but finite ion density in the plasma void be¬ 
hind the moon. Making the assumptions that the source of the 
nighttime ions is in the region of the number density contour 

n/n ~ 10" 2 (figure 1-9), that nighttime ions are primarily 
00 

protons, and that *he most probable ion energy is 500 eV/q, 
then one arrives at an integral flux that could reach the moon 
on the order of 10^ ions/cm^-sec. This number is fairly close 
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to the integral flux computed for nighttime ion events (^“10 
ions/cm^-sec-ster). The only problem encountered in trying to 
fit this theory to the data is that Wu and Dryer do not predict 
flow directions that would cause particles to be incident on 
the dark side of the moon (see figure 1-10). 

One must keep in mind that the Wu and Dryer model used 
the kinetic theory approach and not fluid flow to arrive at 
the number density profiles and flow directions for the lunar 
interaction problem. Their predicted flow directions will 
change if a fluid flow approach is taken. 

Supersonic flow past an obstacle creates a shock wave up¬ 
stream of the obstacle. Since there is no detectable lunar 
bow shock, a subsonic fluid flow approach to the moon-solar 
wind interaction problem may be valid. Figure 3-24 illustrates 
subsonic fluid flow past a smooth and a rough circular cylinder. 
In both cases, a wake is formed where the direction of fluid 
dlow is reversed causing fluid to impact the back side of the 
obstacle. Since the moon is obviously not smooth, it most likely 
responds as the rough cylinder (Case 2) in figure 3-25. 

It is interesting to note that these nighttime ions may 
form part of a positive ion sheath that is required by the 
highly negative lunar surface potential On the night side of 
the moon (figure 3-26). If this ion sheath is the only source 
of nighttime ions and assuming that their initial energies are 
small <-r zero, then the energies detected by the SIDE during 
lunar night may give an alternative measure of the negative 
lunar nighttime surface potential. This approach is only valid 
if the ionic charge composition of nighttime ions is known. 

Summarizing, there is no satisfactory explanation of night¬ 
time ion events as of yet. Further analysis of the data will 
determine in the Wu and Dryer model completely describes the 
SIDE's observations. 
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f ianre 3-25 . Diagram illustrating subsonic flow past a circular 
cylinder. Case 1 is for a smooth cylinder giving rise to lam¬ 
inar separation. Case 2 is for a rough cylinder giving rise 
to turbulent separation. The graphs under each figure plot 
the fluid pressure as one moves along the surface of the cylin¬ 
der from A to S. Note that the pressure drag for a rough 
cylinder is less than for a smooth cylinder. Also note the 
reversal of the flow direction in the wake (John and Haberrnan 
[1971]) . 

Figure 3-26 . The electric charge distribution on and near the 
moon. Note the positive ion sheath on the night side of the 
moon (Freeman and Ibrahim [1974]). 
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3.6 TOPIC S FOR FURTHER INVESTIGATION 

There are several avenues for further investigation of 
this phenomenon. They are summarized as follows: 

1. The data from the Apollo 12 SIDE has been relatively 
untouched. It will be interesting to see if, in fact, 
the Apollo 12 SIDE data exhibits a mirror image of the 
frequency of occurence profile observed by the Apollo 
14 and Apollo 15 SIDE’S. Since the Apollo 12 and the 
Apollo 14 ALSEP are relatively close to one another 
(138 km), there will, in all probability, be some 
nighttime ion events that are simultaneously observed 
by both the Apollo 12 and Apollo 14 SIDE'S. This new 
data will give some information as to whether the 
nighttime ion flux is isotropic or anisotropic. If 
the flux is anisotropic, then the comparison of data 
from the Apollo 12 and Apollo 14 SIDE 's will indicate 
if there is an east-west component to the ion flux. 

2. An important comparison that has yet to be made is 
whether the nighttime ion events are in any way cor¬ 
related with the either the magnitude or direction of 
the interplanetary magnetic field. The theoretical 
models mentioned in Chapter 1 indicate that the shape 
of the moon's wake is a function of the interplanetary 
magnetic field. 

3. Some important questions that have yet to be answered 
are: 

a. Why is there an asymmetry in the activity profile? 

b. Why are some lunations more active than others? 

c. Why are nighttime ion events short lived? 

d. Why is there a peak energy shift as a function of 
lunar local time? 
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e. Why is there a minimum in the activity profile 
prior to local midnight? 

f. What causes the apparent shift towards local sun¬ 
rise of the occurence of the events exhibited in 
figures 3-1 and 3-2? 

4. Finally, a model must be chosen that adequately accounts 


for the observations. 
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ABSTRACT 

Protons from tho earth’s bow shock arc observed by the 
Suprathermal Ion detector Experiment (SII)E) in two regions 

of the lunar orbit. The dawn region begins at the dawn side 

0 

bow shock crossing and ends - 5 days later and the dusk 
region begins at '2 days prior to entering the dusk side 
magnetosheath and ends at the inbound bow shock crossing. 
Dusk and dawn refer to a terrestrial coordinate system. The 
dominant contribution to the ion spectra observed by the 
SIDE in these regions is from particles with energies 
between - 750 eV/q and 3500 eV/q. 3500 eV/q is the upper 
limit of the energy range of the detector. Analysis of 
simultaneous data from the Explorer 35 magnetometer and the 
SIDE indicates that the observability of bow shock protons 
at the lunar distance is dependent on the configuration of 
the interplanetary magnetic field. 
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INTRODUCTION 


Protons in the energy range of 4 to 7 keV were observed 
to be coming from the direction of the bow shock by Asbridge 
et al., [1968] using data from Vela satellites. The exist¬ 
ence of suprathermal protons in the energy range of to 
3.5 keV at the lunar orbit was confirmed by Freeman et al. 
[1970] and Hills et al. [1970]. More recently Lin et al. 
[1974] have reported protons at the lunar distance in the 
energy range of 30 to 100 keV. The behavior of the '1 to 
3.5 keV protons with respect to the interplanetary magnetic 
field has been studied by Benson [1974] and this paper 
reports some results from that study. 



4 


t 


r 


* 

OBSERVATIONS 

Figure 1 shows typical time development of the SIDE 
count spectra lor the two regions of the orbit in which the 
bow shock protons are observed. The "dusk" and "dawn" 
regions refer to the dusk and dawn sides of the magneto¬ 
sphere when the moon is in the solar wind as indicated in 
figure 3. Note, that the dusk side spectra show the onset of 
the flow comili i at ~1.5 days before the magnetosheath and 
that the specti ^ get progressively softer as the moon 
approaches the bow shock. The dawn side spectra show a 
gradual hardening as the moon moves away from the bow shock 
and a cessation of the flow ~5 days after shock crossing. 
These examples of the ion spectra are "typical" and can vary 
considerably when interplanetary magnetic field and solar 
wind conditions change. 

Figure 2 shows a single spectrum (20 minute average) 
for each of the two regions shown in Figure 1. Those 
spectra were determined frcm data taken at 1 day from the 
bow shock on either side of the magnetosphere. The difference 1 
in the dusk and dawn spectra shown here are typical. The 
dusk spectrum is harder than the dawn : poet.rum for the^ same 
distance from the bow shock. The fluxes shown on the3e 
graphs were determined by integrating over the portions of 
the spectrum that contained counts above background. 





THEORY 


The asymmetry of the ion spectra observed in the dusk 

and dawn regions can be explained by considering the con- 

■ > 

figuration of the interplanetary B field and its influence 
on the particle trajectory on the two sides of the magnetosphere. 

The equation of motion that describes a charged particle's 
trajectory in the rest frame of the bow shock and in the 
interplanetary medium is, 


mdV + -> 

-dt = q (E + V p X B) 


where E is the interplanetary electric field, B is the in¬ 


terplanetary magnetic field, m, q, and V arc the particle's 
mass, charge and velocity respectively. The solution of 
equation 1 yields a helical trajectory for a particle releasee) 


at the shock surface with some initial velocity V . The 

P 

-V 

motions parallel and perpendicular to the B field are uncoup] ■ 
and consequently the equation that describes the quiding 
center trajectory of the particle is 


V = V + V, 
r p, | d 


whore V is the particle velocity parallel to B and V., 

p ! I d 

is the drift velocity. 

Figure 1 illustrates the geometry associated with 
equation 2. When B is at its average position, that is the 
garden hose angle, the field lines will contact the dawn 
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side bow shock at a more normal angle of incidence than will 
the field lines on the dusk side. If it is assumed that 
protons with sufficient energy to escape the bow shock are 
released to the solar wind along interplanetary field lines, 
as originally suggested by Asbridgo et al., [1968] then the 
ones released on the dusk side will be swept downwind much 
closer to the shock surface than those on the dawn side. 

The absence of lower energy particles in the upstream spectra 
is therefore more pronounced on the dusk side than the dawn 
side at tile same distance from the shoe].. 

In addition to this longitudinal dependence, whether or 
not a particle is observed at the moon is influenced by the 
latitude of the field. It is clear that if the interplanetary 

-+■ -y 

B field has a large latitude component, then V ^can cause 
the resultant guiding center trajectory to miss the moon 
entirely. A complete discussion of the three-dimensional 
nature of the problem can be found in Benson [1974]. 

SIMULTANEOUS DATA 


Figure 4 is a plot of the latitude ol the interplanetary 

* ► 

B field as measured by Explorer 35 and the simultaneous 
integral flux measured by the SIDE for three hours in a dawn 
region. This figure shows directly that the integral flux 
tends to increase as the value of the field latitude gets 
closer to zero and tends to decrease as the field latitude 
moves away from zero. In order to further determine the 
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dependence of the observed particles on the configuration of 
the field, three days of simultaneous magnetic field and ion 
data were analyzed. Figure 5 shows the total number of 
times a particular value of the field latitude was observed 
in the period versus the latitude and the average counts 
seen at that latitude. It can be seen from this distribution 
that the average number of particles observed is greater 
when the field latitude is nearer zero. Figure 6 shows an 
analagous distribution for the field longitude where it can 
be seen that there are two peaks separated by approximately 
180°. One would expect this type of distribution if the 
guiding center picture is correct. 


SUMMARY 


Definite dusk-dawn asymmetries are observed in the sup- 
rathermal protons seen by the SIDE on the lunar surface. 

The dawn side proton flows arc seen much deeper into lunar 
night than the dusk side flows. The low energy cutoff in 
the dusk spectra occurs at a higher energy than it does for 
the dawn spectra at the same distance from the bow shock. 

The appearance of these particles at the moon is dependent 
on the latitude and the longitude of the interplanetary 
magnetic field. These observations are consistent with the 
assumption that the protons follow EXB drift trajectories 
from the bow shock to the moon. 
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FIGURE CAPTIONS 

1. Typical counting rate spectra for the magnotospheric 
dusk and dawn bow shock regions. Time progresses along the 
diagonal axis. Each trace represents a 20 minute average of 
the counts in each energy channel. The small ridge of 
monoenergetic low energy particles seen on the dawn side 

~4 days from the bow shock is due to locally accelerated 
lunar atmospheric ions. 

2. Typical differential flux spectra taken from each bow 
shock region at ~1 day from the bow shock. The spectra are 
generated from a 20 minute average of the counts in each 
channel. Note the harder spectrum on the dusk side and 
lower total flux. 

3. Ecliptic plane view of the vector diagram illustrating 
the resultant guiding center trajectory of a particle 
leaving the surface of the bow shock. Two special cases of 
the direction of the .interplanetary E field are also shown. 

4. Time history of simultaneous data from Explorer 35 and 

SIDE for a short period in a dawn region. The top trace is 

*> 

the solar equatorial latitude of the interplanetary B field 
and the bottom trace is the integral flux observed by the 


SIDE. 



J 1 



5. Distribution of the average number of particles observed 
at a particular solar equatorial latitude vs. the latitude. 

The average is computed by dividing the total number of counts 
accumulated at a particular latitude over the time period by 
the total number of times the field was at that latitude. 

Also shown is the frequency of occurence of the latitude 

over the observation period. (1972 153 d 19^ 24 m to 156 d 19^ 
24 1 ") . 

6. Same as for Figure 5 for the solar equatorial longitude 
of the field. 
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ABSTRACT 


A study of data from the Apollo Lunar Surface Suprathermal 
Ion Detector Experiment package shows that plasma flow and 
energy parameters in the dusk magnetosheath are much better 
correlated with geomagnetic activity than those in the dawn 
magnetosheath. This result is in agreement with a dawn-dusk 
asymmetry in the magnetosheath magnetic field and in the bow 
shock configuration. The different orientations between the 
mean interplanetary magnetic field direction and the shock 
normal for the magnetosheaths suggests an explanation of the 
difference in the plasma parameters on the two sides. 
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I. Introduction 


This paper presents magnetosheath positive ion data 
taken at a distance of 60 R , the lunar orbit. Velocity 
distribution functions have been determined from twenty 
minute averages of the data, an equivalent resolution of 
-1000 km. From 4_ hese velocity distribution functions a 
study of the bulk flow parameters in the sheath was per¬ 
formed. Ten lunations of data were employed. These data 

were then compared with the geomagnetic activity index, K . 

P 

A unique advantage of the lunar orbit for magnetosheath 
studies is the coverage of both the dawn and dusk magneto¬ 
sheaths in the same general time frame. The moon takes 
approximately eight days from the dusk to dawn bow shocks. 

In this paper we compare the dusk magnetosheath parameters 
with those of the dawn magnetosheath. 

Previous workers have reported asymmetries in various 
aspects of magnetospheric structure. Fairfield (1971) 
observed the dawn magnetosheath field to be more disturbed 
than the dusk field. Explorer 35 data (Howe, 1971) showed 
twice as many bow shock crossings on the dawn side as on the 
dusk side. Greenstadt (1972) further observed an asymmetry 
in the types of shock crossings observed on the two sides. 
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He classified shock crossings as oblique or perpendicular 
according to the angle of the interplanetary field with 
respect to the direction of the propagation of the shock 
wave. Greenstadt (1973) estimated 50% more oblique shocks 
to occur on the dawn side. Oblique shocks are associated 
with fluctuating fields and rapidly varying proton spectra. 

The evidence of asymmetries in the sides of the magneto¬ 
sheath is important to the over-all view of energy transport 
from the interplanetary medium into the magnetosphere. The 
magnetohydrodynamic processes in the sheath are important in 
understanding the mechanism of energy transport. This paper 
presents evidence that the particle distribution function 
behaves differently in the two different sheaths. The 
explanation of this asymmetry is perhaps found in Greenstadt's 
picture of the field configuration producing different types 
of shock waves. It is suggested that the plasma behavior 
depends on the field configuration and different processes 
are present on the dawn side as opposed to th' isk side of 
the magnetosphere, 

II. ExperIment and Data Analysis 

The Suprathermal Ion Detector Experiment (SIDE) is 
designed to measure plasma near the moon. Identical SIDES 
were deployed at the Apollo 12, 14 and 15 landing sites. 

Figure 1. The SIDE has been described in Freeman et al.. 
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(1972). The positive ion detector measures spectrum in 
velocity space by stepping through a range of 20 voltages on 
a curved plate analyzer. Velocities per unit charge, 
equivalent to proton energies per unit charge, are measured 
in a period of 24 seconds. The 20 steps cover a range from 
10 eV/q to 3500 eV/q. The basic collector is a channel- 
electron-multiplier used in the pulse counting mode. The 
front end is biased at an accelerating voltage of -3.5 KV to 
collect the low energy ions. 

The orientations of the three instruments on the moon's 
surface are such that the detector look axes lie approximately 
in the ecliptic. The look angle of each detector in the 
ecliptic is shown in Figure 2. The detectors were arranged 
so that the Apollo 15 instrument looks in the direction of 
plasma flow in the dusk magnetosheath and the Apollo 12 
instrument does so in the dawn magnetosheath. On both sides 
the Apollo 14 instrument records a lower flux level of ions 
away from the bulk flow direction. The field of view of each 
detector is square and approximately 6° on a side 

Twenty minute averages of the differentia, energy 
spectra were calculated. The resulting spectra were con¬ 
verted to distribution function spectra in velocity space. 
Figure 3 shows these spectra plotted for part of a typical 
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crossing of the dusk magnetosheath. From these spectra, the 
plasma flow parameters of number density, bulk velocity and 
temperature were calculated by the method of moments, 
following Vasyliunas (1969). These parameters are plotted 
in Figure 4 for the data from Figure 3. 

Pressure is calculated from the number density and 
temperature using the equation of state for the gas. Energy 
density is given by 

E-) 

“E f (E) dF. 

E 1 

where f(E) is the distribution function in energy space and 
the integral is taken from energy to energy 

R is the ratio of the high energy density, obtained by 
integrating from 1250 eV to 3500 eV, to the total energy 
density, obtained by integrating from 100 eV to 3500 eV. 
Notice that this ratio can remain constant although the 
pressure and total energy density are increasing. This 
indicates that the shape of the spectrum may remain the same 
while the intensity increases. The energy density ratio, R, 
is used to indicate the presence of a high energy tail. The 
presence of these high energy particles is taken as an 
indication of a disturbance in the magnetosheath. A sharp 
peak in the energy density ratio (around 20 HR UT, Figure 4) 
merely indicates a boundary crossing where the directed 
sheath flow disappears. Horizontal lines on this plot 
indicate that the parameters were not calculated because 
magnetosheath spectra were not observed in the direction of 


the detector. 
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III. Results 

The plasma parameters across the magnetosheath, both 
dusk and dawn sides, for 10 lunations reveal the general 
trends predicted by laminar flow in the Spreiter and Alksne 
(1969) theory. The effects are less pronounced at 60 R^ 
than closer to Earth (Wolfe, et al. 1968). This indicates 
greater mixing at greater distances in the sheath. 

The parameter of particular interest is the energy 
density ratio. The energy density ratio is found to de¬ 
crease from the bow shock to the magnetopause. This de¬ 
crease of the energy density ratio away from the bow shock 
is observed more frequently during the dusk rather than the 
dawn sheath crossings. The high energy particles do not 
show as consistent a pattern on the dawn side as on the dusk 
side of the rriu-pietosheath. 

In order to study the relationship of sheath parameters 
to Kp, K was averaged for an entire sheath crossing. The 
five calculated plasma parameters were averaged in the same 
manner. Plots of and the parameters for the 10 inbound 
and outbound sheath crossings for each instrument are given 
in Figure 5. For the dusk sheath the curve of the energy 
density ratio seems to follow that of K quite well. 

tr 
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Velocity and temperature appear to be somewhat correlated 
but to a lesser degree. Pressure, which is directly related 
to the total energy density is not correlated with at 
all. Number density is also apparently unrelated. The 
magnitude of the values for the three instruments with 
respect to each other is in agreement with their relative 
angles to the flow direction. 

It is important to note that the detector farther from 
the flow direction (Apollo 14) reports a greater energy 
density ratio. A detailed examination of the energy spectra 
reveals that the intensity of the high energy particles was 
the same for all three instruments regardless of the direction- 
related variation in peak intensity. This is an indication 
that the dispersion of particles in velocity space may be 
i;otropic. Howe (1971) reported double peaked ions at the 
bow shock to be in a different direction from the bulk flow. 

The SIDE detector also observes the sudden appearance and 
disappearance of multiple peaks in individual 20 second 
spectra. This might indicat® a directional effect. However, 
the average over a longer time indicates isotropy. 

A linear regression analysis was run on each of the 

curves in Figure 5 with respect to K^. The correlation 

coefficient r for each of the variables is given in Table 1. 

Note the strong correlation of velocity and energy density 

ratio to K on the dusk side and almost no correlation on 
P 

the dawn side. 
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To further emphasize this correlation the energy 
density ratio for Apollo 14 is plotted versus average 
{Figure 6). A least squares fit was attempted on both the 
dusk and dawn data. The fit is plotted for the dusl data, 
but is meaningless for the dawn data since the correlation 
coefficient indicates random data. Thus the high energy 
particle population in the dawn sheath is not at all cor¬ 
related with geomagnetic activity, while the dusk sheath 
particles shows a strong correlation. 

Finally, v.\ note from figure 5 that despite the asymmetry 
in the correlation between R and K^, the values for R cover 
approximately the same range in both magnetosheaths. 

It might be argued that an increase in R merely re¬ 
presents an increase in the bulk flow velocity. That this 
is not the case is demonstrated in the appendix. 

IV. Discussion 

To understand this result we must look at two ptoblems: 

1) what correlation with K means and 2) what is indicated 

P 

by the asymmetry. At the same time we must bear in mind the 
significance of the similar absolute values for R in the 
dawn and dusk magnetosheath. 

First we address the question of correlation with 
geomagnetic activity. It is well known that geomagnetic 
activity is correlated with interplanetary conditions. Both 
an increase in solar wind speed (Ballif et al. 1969) and an 
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increase in the magnitude of the interplanetary field 
(Schatten and Wilcox, 1967) are correlated with an increase 
in Kp. An increase in the momentum flux of the solar wind 
is known to compress the geomagnetic cavity and Freeman 
(1964) has shown that magnetopause boundary locations are 
related to K^. It is obvious that solar wind energy must be 
transmitted through the magnetosheath to reach the magneto¬ 
sphere and influence K^, however, there have not been any 
previous coj relations of sheath variations with geomagnetic 
activity. 

The high correlation between R and shown here 

indicates that the high energy tail of the magnetosheath 

spectrum is a direct result of the transfer of energy from 

the solar wind to the magnetosphere. It seems unlikely that 

r 

the high energy particles carry the transferred energy them¬ 
selves. For example, we note that the bulk flow velocity is 
also increased at times of excess high energy particles and 
so in the dusk magnetosheath bulk flow velocity is also 
correlated with I<p. We take the view that the high energy 
tail is the result of acceleration processes that are an 
intrinsic part of the energy transfer process. An alternative 
view which we are not inclined to accept is that high energy 
particles enter the magnetosheath from the plasma sheet at 
the cusps or along the flanks of the tail. In this case 
there might also be a correlation with Kp, but the high 
energy population would not be expected to increase toward 
the bow shock as is observed. 
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Regarding the asymmetry, wc note that Fornisanc et al. 
(1973) have shown the magnetosheath high energy tail to be 
correlated with the absence of waves upstream of the bow 
shock. This suggests that waves have a tendency to diffuse 
particle concentrations in velocity space and hence reduce 
high energy particle intensities. The field configuration 
envisioned by Greenstadt (1972) shows that oblique shocks 
occur predominantly on the dawn side of the maqnetosphere. 

The p^st-shock field is much more disturbed in the oblique 
shock case and wavelike disturbances are expected. We 
suggest that these disturbances influence the occurence of 
particles in the high energy tail in the dawn magnetosheath. 
This masks he correlation that would otherwise be 
present. In order to more fully understand the relationship 
between R and K it may be necessary to know if there is a 
statistical connection between the formation of oblique- 
shocks and K . 

p 

The intrinsic asymmetry between the dawn and dusk 
magnetosheaths is thus not an asymmetry in the ion acceleration 
processes but rather in processes which tend to disperse the 
accelerated ions, namely magnetic noise. The dawn magneto¬ 
sheath is a more complex region and the key to understanding 
it may lie in a better understanding of oblique shocks. 
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TABLE 1 

LINEAR REGRESSION OF K p VERSUS PARAMETERS 


Gives values of the correlation coefficient 0. r< 1 
where r = +1 is a perfect correlation 
r = 0 is random data 


PARAMETERS 1 

i 

DUSK 

DAWN 

APOLLO 14 

APOLLO 15 

APOLLO 14 

.-i 

APOLLO 12 

Energy density 

.83 

.67 

.05 

. 30 

ratio 



! 


Velocity 

.79 

.77 

. 20 

.13 

Temperature 

.76 

. 36 

. 36 

-.41 

Number density 

- . 36 

.20 

-.27 

-.32 

Pressure 

! 

. 19 

-.17 

-.06 

-.11 
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APPENDIX 

Since the energy density ratio is a new parameter, a 

further explanation of it is given here. In vrlocity space 

the expression for energy density (equation 1) becomes 
1 2 3 

T.j m v. f(v)dv.. Using a kappa - 2 distribution function 
1 11 

(Olbert, 1969) for f(v), the quantity v^f(v) is plotted 
(Figure 7) for three different values of bulk flow velocity 
Vg = 300, 400 and 500 km/sec. For the two lower values, the 
shaded areas illustrate the energy density in the high 
energy region of the spectrum. For a change in bulk velocity 
from 300 km/sec to 400 km/sec the energy uensity ratio of a 
kappa = 2 distribution function changes from 19. to 10%. The 
velocity corresponding to the 1250 eV energy channel WcS 
arbitrarily chosen for the break point in calculating the 
ratio. Since the velocities observed in this data were less 
than 400 km/sec, the choice of a break point is adequate. 

That is, the large energy density ratios (-20M are not the 
result of metely a change in bulk velocity, because the 
velocity is 400 km/sec or less. 
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Figure 1 . 


Figure 2. 


Figure 3. 


Figure 4. 
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FIGURE CAPTIONS 


The Suprathermal Ion Detector Experiment 

(SIDE) is shown as it was deployed on the 

noon by Apollo 14 Astronauts. The instrument 

stands 45 cm above the lunar surface. 

The look directions of the Apollo 12, 14 and 

15 detectors are shown for various positions 

of the Moon in its orbit as it crosses the 

tail of the earth's magnetosphere. 

Distribution function spectra in velocity 

space are plotted as a function of time. The 

3 3 

units are ions/m /(m/sec) . The heavy 
reference line at the beginning of the plot 
represents a constant counting rate of 1 
count in each energy channel. Comparing the 
spectra after 20 hr UT with this line indicates 
an absence of magnetosheath spectra after a 
boundary crossing. 

The plasma parameters -- pressure, energy 
density ratio, temperature, bulk flow velocity, 
and number density are plot ad for part of a 
dusk magnetosheath crossing. A magnetopause 
crossing is seen just before 20 hr UT. For a 
time after this none of the parameters are 

t 

calculated except the energy density ratio. ; 

The magnetosheath spectrum is absent at this 

i 

K 

i 


time. 
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Figure 5. 


Figure 6. 


Figure 7. 
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A summary of plasma parameters is given for 
both the dusk and dawn magnetosheath crossings 
during 10 lunations. Data from the three 
instruments are identified by an x (Apollo 
14), solid dot (Apollo 15) and open dot 
(Apollo 12). One average value of a parameter 
is plotted for each sheath crossing for a 
single instrument. Above the parameter plots, 
a plot of average is given. For each 
sheath crossing, was averaged during the 
time the moon was in the magnetosheath 
(approximately two days) . 

The average energy density ratio for each of 

the 10 lunations plotted versus the average 

K over the entire magnetosheath crossing. 

P 

A linear regression gives a straight line fit 
to the dusk data. The dawn data are random 
as seen by a correlation (r) of .05. 

3 

The product of v and the kappa = 2 distribution 

'N 

function F(v) is plotted for three values of 
bulk velocity. The energy density is represented 
by the area under the curve. 
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A NEW PLASMA REGIME IN THE DISTANT GEOMAGNETIC TAIL 

D. A. Hardy, H. K. Hills, and J. W. Freeman 
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Houston, Texas 77001 


Abstract, The three Rice Suprathermal 
Ion Detector Experiments have detected an 
extensive region of low energy plasma 
flow antisunward along the ordered field 
lines in the lobes of the geomagnetic 
tail at lunar distances. This particle 
regime resembles the “boundary layer 0 
and “plasma mantle" observed at smaller 
geocentric distances and an interior 
flow region parallel to the magnetopause 
in the dayside magnetosphere. It poss¬ 
esses plasma characteristics uniquely 
different from the plasma sheet and 
magnetosheath. Spatially the particle 
regime is foun^ exterior to the plasma 
sheet across essentially the entire tail 
and adjacent to the magnetopause on both 
the dawn and dusk sides of the magneto¬ 
sphere. The integral flux varies from 
10 5 to 108 ions/cm2 sec ster with the 
differential flux peak between 50 and 
250 eV/q. Temperatures range from 
4 x 104 to 5 x 105 °K and number 
densities from ,1 to 5/cm3. 

Introduction 

freeman et al . [1968] reported obser- 

vations of a region of plasma flow anti¬ 
sunward just inside the dayside magneto¬ 
pause during an intense magnetic storm. 
This plasma resembled magnetosheath 
plasma but appeared connected with cold 
plasma flow deeper within the magneto¬ 
sphere. More recently experimental 
evidence has accumulated as to the exist¬ 
ence of regions of similar plasma flow 
in the antisunward direction along the 
ordered field lines of the high and low 
latitude lobes of the geomagnetic tail. 
Observations have been made in the 
ecliptic at lb R e with the Vela satellite 
(Hones et al. , 1972, Akasofu et al. 1973) 
and In tKe distant polar magnetosphere 
with the HEOS satellite (Rosenbauer 
et al. , 197 5). The region of pla3ma flow 
observed forms a relatively thin (<4 R ) 
"plasma mantle" or "boundary layer" 
between the tail and the magnetopause. 

The particles in this region exhibit 
fluxes and temperatures slightly less 
than those observed in the magnetosneach 
and bulk velocities in the range of 100 
to 200 km/sec. There is also a general 
decrease in density, temperature, and 
bulk velocity as the distance of the 
spacecraft from the magnetopause 
increases. 

Copyright 1975 by the American Geophysical Union. 


This paper reports similar observa¬ 
tions of low energy particles (LEPs) 
possessing many of these same character¬ 
istics, but also significant variations. 
These are seen in the geomagnetic tail 
at distances of 60 Re using the three 
Suprathermal Ion Detector Experiments 
(SIDEs) deployed on the lunar surface 
during the Apollo 12, 14, and 15 
missions. The region of space in which 
these LEPs are found lies adjacent to the 
magnetopause but also across the tail as 
a border to the plasma sheet. Its extent 
away from the plasma sheet near the 
center of the tail cannot yet be deter¬ 
mined. 

Each of the SIDEs consists of two 
instruments; a Total Ion Detector (TID) 
capable of discriminating positive ions 
according to their energy/charge in a 
range from 10 t=V/q to 3*00 eV/q, and a 
Mass Analyzer (MA) capable of discriminat¬ 
ing p ositive ions according to their 
mass/cnarge up to 750 amu/q and their 
eneray/charge ^n a range from .2 to 48.6 
eV/q. Post-a^ lysis acceleration to 
35J0 eV insuji efficient detection of 
tne low enerqv positive ions by a 
funnel-channn* electron multiplier. The 
GIDE's are deployed such that each 
instrument's look direction is approx¬ 
imately in the ecliptic plane. The look 
directions of the three SIDEs span a 
total azimuthal fan in the ecliptic of 
56 degrees. (For a more detailed des¬ 
cription see Hills and F reeman , 1971.) 

Observations 

Using data principally but not exclus¬ 
ively from the Apollo 14 SIDE we have 
studied tweJve passes of the moon 
through the tail in 1972 and the first 
three tail passes of 1973. These passes 
have yielded 265 separate encounters with 
the LEPs. These data comprise approx¬ 
imately 200 hours of observations; 16% 
of the time the moon was in the tail. 

The LEPs form a separate regime in 
tr t their spectral characteristics e 
radically different from those of e 
magnetosheath or plasma sheet. typical 
encounter with the LEP regime near the 
center of the tail is shown in Figure la 
where we have plotted 20 minute averages 
of the counting rate of the TID for a 
24 hour period commencing on April 27 
00^0 GMT, 1972, 18 hours after the moon 
has passed into the tail. (The moon takes 
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Figure la. Twenty minute averages of 
the counting rates in the 20 energy 
channels of the TID for the period April 
27 0000 GMT to April 28 0000 GMT, 1972. 
The seven lowest energy channels are 
centered at 10, 20, 30, 50, 70, 100 and 
250 eV/q respectively. The remaining 
channels are evenly spaced at 250 eV/q 
intervals up to 3500 eV/q. The numbers 
1, 2, and 3 refer to the spectra in 
Figure lb. 


about 3 to 4 days to pass through the 
tail.) The times for which the plasma 
sheet is observed are characterized 
by significant counts in the energy 
channels from 250 eV/q to the limit of 
the instrument at 3500 eV/q. The low 
energy particles in contrast are seen 
only in the seven lowest energy channels 
covering the range from 10 to 250 eV/q. 
Note that the LEP and plasma sheet 
regions are not contiguous in this 
event. Differential flux spectra for 
the two regions are shown in figure lb. 
The low energy garticles (LEPs) are much 
colder tEan the plasma sheet particles 
(kT * 2-8eV versus kT > 400 eV) and also 
differ significantly in bulk velocity 
and number density. In general, the 
LEPs-seldom exhibit temperatures above 
5xl0 5# K (kT ~40 eV) or extend in energy 
above 500 eV. They clearly form * 
separate plasma regime from the plasma 
shset. 

From differential flex measurements 
we calculate a distribution function 
for the particles. The assumption is 
made that the majority of the particle 
energy is in the flow. This is confirmed 
by the lunar surface solar wind spectro¬ 
meter (B. Goldstein, private communica¬ 
tion) . The bulk velocity, V 0 , and 

temperature, T, are then calculated 
by taking the usual moments of the 
distribution function. The number 
density is calculated by multiplying 
the integral flux the so-id angle 
(estimated to be a cone with full angle 
of 50 degrees) over which the flux is 
considered isotropic, a d dividing by 
the bulk velocity. 

These plasma parameters and the 
magnetic field characteristics for part 
of one tail pass are illustrated in 
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Figure lb. Comparative differential 
flux spectra for the low energy part¬ 
icles, und plasma sheet. The diff- - 
erential flux is measured in ions/cm - 
sec-ster-eV. 


figure 2. The figure covers a portion 
of the third tail pass of 1972. This 
pass was chosen because it provides 
the most hours of data for the phenomenon 
of the fifteen tail passes studied. 
Altogether 42.7 hours of rvatior. of 
the low energy fluxes were recorded 
during this tail pass; i t:no equal to 
60% of the total duraticn. 

The figure shows the m vjntic fi«rl-i 
and the plasma parameters \ r the ;w v 
day p. riod as the moon appro *che« 
magnet^sheath. Although thei q i* 
variition in the plasma char*cter;?tics, 
the LEPs, which cover the f.ist 3; hours, 
generally display an integral **ux of 
between 10$ and 4 x 10** ionc/cm2 sec ster, 
bulk velocities of from '9f to 200 
km/sec, temperatures in th» range from 
4 x 10* to 5 x 105"ic and number 
densities from 0.2 to 2/cm^. These are 
typical values for the LEP region. 

Cases have been observed where the 
integral flux was as high as 10* ions/cm? 
sec ster with coiresponding numoer 
densities of '5/cnw . 

The mass analyzer indicates that the 
ions are mainly protons but the fluxes 
are noc sufficiertly intense for us to 
establish the presence of alphas or other 
more massive ions. We may be able to 
report more on this after a more complete 
examination of the data. 

The magnetic fielu date in Figure 2, 
obtained from the Ames magnetometer 
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"Figure 2, Magnetic field and plasma 
characteristics for the period March 30, 
0230 GMT, to April 1, 0230 ^MT, in 
1972. Tha magnetosheath is labeled by 
MS and the region for the low energy 
particles by LEP. 

aboard the Explorer 35 spacecraft orbit' 
ing the moon, display data gaps due to 
spacecraft circumstances. Nonetheless, 
the observatio* s which are available show 
that the field displays lobe character¬ 
istics during the times the Moon was in 
the region of the LEPs. ‘The solar 
equatorial latitude of the field 
is close to aero degrees and the solar 
equatorial longitude is close to 180 
degrees with a field magnitude of -14 
gammas. Furthermore, no deviations in 
the field are seen to correspond with 
variations in the intensity of the 
LEPs. Such behavior reflects the 
magnetic field character during the en¬ 
counters with the region for the five 
tail passages for which magnetic data 
have been obtained. 

One sees that the low energy fluxes 
shown in Figure 2 are observed over a 
time span of approximately 29 hours. 

.During this period the Moon traveled dis¬ 
tance* of -16 R«, in the solar-magneto- 
~spher;'.c Y #m coordinate direction and 
-10 R^ in the Z t » direction (Y ■ 3R e 

to *sm m£- an 

--17 R e ). Thus wide extent over which 
the ions are observed is seen in many 
ot the l<*i i pasbasefc. It indicates 
that the size of the region in which the 
LEPs are found is considerably larger 


at the lunar distance than at the smaller 
X 8in distances of the Vela and HEOS 
satellites. In general we find that 
the Moon encounters the particles 
sporadically for a full day after it 
ent* rs the tail and a full day before it 
exits the tail. This corresponds to a 
region extending a Y sm distance of at 
least 12 R e into the tail from both the 
dawn and dusk sides of th? magnetopause. 
The region, however, excludes the plasma 
sheet since the low ener gy particles are 
seldom observed simultaneously with the 
plasma s heet particles ancV the two 
regions ^ need not be contiguous . The 
region of LEPs appears to extend away 
from the plane of the plasma sheet to 
the limit of observation at about 16 R . 

Figure 3 shows the portions of the 
lunar orbit, for the fifteen tail 
passages studied, over which the LEPs 
were encountered. It is apparent that 
the region must be significantly larger 
at 60 R than at lesser geocentrr.c 
distances. 

It is impossible at present to know 
the exact extent of the region due to 
the spatial limits imposed by the orbit 
of the Moon. This limit arises from the 
fact that diurnal excursions in the 
2 direction rapidly decrease for de¬ 
creasing Y . It is possible that the 
scarcity of events deep in the tail 
arises from the inability of the instru¬ 
ment to sample significantly the lobes 
exterior to the plasma sheet in this 
region. 

Determination of the spatial extent is 
further complicated by the fact that the 
amount of time over which the particles 
are observed varies between tail passages 
from as little as 2.1 hours to as much 
as 42,7 hours. Such a wide variation 
could arise from several sourcas. First, 
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since the events are seldom seen in the 
plasma sheet an increase in the thickness 
of the plasma sheet would tend to decrease 
the amount of time the moon was in regions 
where these low energy particles might 
be seen. Alternatively, such a wide 
variation might arise from a real change 
in the spatial extent of the region in 
which these particles are found. A third 
possibility is that the seasonal 
variation in the location of the moon's 
orbiL relative to the plane of the 
plasma sheet increases or decreases the 
frequency of encounters with the region. 
Lastly, the mechanism which injects the 
particles onto these field lines may vary 
with time so that for some tail passages 
the conditions are not favorable for 
injection. Further studies are unde^ny 
to determine which of these is dominant. 

Discussion and Summary 

The new plasma regime reported here, 

LEP is qualitatively similar to the 
"boundary layer" reported by Hones et al. 
and Akasofu et al. and the plasma flow 
regime found inside the dayside magneto¬ 
pause by Freeman et al. during an intense 
magnetic storm. It is also similar to 
the "plasma mantle" at high latitudes 
reported by Rosenbauer et al. We propose 
as the simplest hypothesis that all four 
regions are simply connected along the 
inner surface of the magnetopause and 
are in fact the same phenomenon. A 
consequence is that antisunward flowing 
plasma would generally be found everywhere 
inside and adjacent to the magnetopause. 

We believe that a consx tent name uhould 
be established for this plasma, however, 
"boundary layer" and "plasma mantle" do 
not appear to be sufficiently descriptive 
for the region as it appears in the 
distant tail. 

The relationship between the LEP and 
the plasma sheet is not clear. It has 
been suggested that the LEPs may be a 
source for the plasma sheet (R. A. Wolf, 
private communication). 

In summary, the three nice Supra- 
thermal Ion Detector Experiments station¬ 
ed on the lunar surface have detected a 
region of low energy plasma flowing along 
the ordered field lines of the lobes c? 
the geomagnetic tail. This particle 
region exhibits the feiioving character¬ 
istics: 

1. The region of flow is encountered 
within the geomagnetic taxi but exterior 
to the plasma sheet. The magnetic field 
characteristics in the reqion are in¬ 
dicative of the high and low latitude 
lobes. No consistent deviations in the 
field have been found to correspond *fith 
the encounters with the region. 

2. The encounters with the region occur 
over a wide spatial extent with continual 
observations of thw particles over 
distances as great as -16 R^ in the Y M 


direction and 10 R e in the direction. 
The majority of the encounters, however, 
are observed within a region extending 
12 R ft into the tail from the magneto- 
pause. 

3. The particles (mostly protons) dis¬ 
play a narrow differential flux spectrum 
peaked normally between 50 and 250 eV. 

The spectrum is usually stable over the 
duration of the events. Some cases of 
spectral variation in trvs events are seen 
tr occur during transitions into or out 
of the plasma sheet or magnetoshaath. 

Such variations appear as a broadening 

of the spectrum and a shifting of the 
peak towards higher energy. 

4. The plasma has been ascertained to 
have the following parameters; integral 
flux between 10* and 10 8 ions/cm 2 sec 
ster, bulk velocities between 90 and 250 
km/sec. temperatures in the range from 

4 x 10* to 5 x 10**K, and number 
densities of the order ’ to 5/cm 3 . 

5. The region appears to be the qualit¬ 
atively similar to be the "boundary 
layer" and "plasma mantle" observed at 
lesser geocentric distances, and the 
magnetopause-adjacent flow on the dayside. 
The region is, however, sign .*cantiy 
larger at lunar distances and the plasma 
characteristics appear to be move 
variable. 
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On April 15, 1970, the Apollo 13 S-I VB stage impacted the nighttime lunar surface approximate!) 140 
km west of the Apollo 1 2 Alsep site and 410 km west of the dawn terminator Beginning 20 s after im¬ 
pact the Suprathermal »on Detector Experiment and the Solar Wind Spectrometer observed a large flux 
of positive ions (maximum flux ^ 3 X 10* ions/cm* s sr) and electrons. Two separate streams of ions were 
observed a horizontal flux that appeared to be deflected solar wind ions and a smaller vertical flux of 
predominantly heavy ions(M0 amu), which probably were material vaporized from the SIVB stage. An 
examination of the data shows that collisions between neutral molecules and hot electrons (50 eV> were 
probably an important ionization mechanism in the impact-produced neutral gt:s cloud. These electrons, 
which were detected by the Solar Wind Spectrometer, arc thought to have been energized in a shock front 
or some form of intense interaction region between the cloud and the solar wind. Thus strong ionization 
and acceleration are seen under conditions approaching a collisionless state. 


The interaction between a neutral gas and the solar wind 
has been the subject of much investigation in recent years. 
The ionization mechanisms in type I comets [Beard. 1966; 
Biermann et ai, 1967], the upper atmospheres of Venus and 
Mars [Cloutier et ai , 1969; Michel, 1971], and possibly even 
the formation of the solar system [Alfven, 1954] are all depen¬ 
dent on this type of interaction. We present here data per¬ 
taining to the observation of such an interaction. The neutral 
gas cloud resulted from the impact of the spent Apollo 13 S- 
1 VB stage rocket on the lunar surface. The data are from the 
nearby particle detectors on the lunar surface at the Apollo 12 
landing site 

At 01 h 09m 40s on April 15, 1970, the upper stage (S-IVB) 
of the Apollo 13 Saturn launch vehicle impacted the moon in 
the Ocean of Storms approximately 138 km due west and 9 
km north of the Apollo 12 Lunar Surface Experiments 
Package (Alsep) site, The experiments observed clouds or 
streams of ions and electrons that we interpret as resulting 
from the interaction between the impact-produced neutral 
gas cloud and the solar wind, ft appears that strong ioniza¬ 
tion and acceleration mechanisms were operating under con¬ 
ditions that approached a collisionless state. Beginning 20 s 
after impact the Suprathermal Ion Detector Experiment 
(SIDE) and the Solar Wind Spectrometer (SWS) observed 
fluxes of suprathermal ions that reached large values several 
times in the next 13 min. The impact site was 410 km west of 
the dawn terminator and 290 km west of an ‘idealized* solar 
wind terminator (assuming a 5° aberrant angle) and thus 
‘downwind* of Alsep. Under normal idealized conditions the 
solar wind would have been streaming 50 km overhead. This 
geometry is shown in detail in Figure I. 

The relevant impact parameters are shown in Table I. 

Both the SIDE and the SWS have been described 
previously [Freeman et ai, 19706, 19716; Snyder et ai. 1970, 
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1971 ], hut a comparison of the tw o instruments is helpful for 
an understanding of the data. This is given in Table 2. 

The SWS contains an array of seven Faraday cup sensors 
and can record charged particles arriving from all directions 
above the lunar surface with varying sensitivities. The cups 
are arranged to look radially outward, cup 7 sampling the ver¬ 
tical flux and the remaining cups detecting particles moving 
more nearly horizontally. 

The SIDE contains two separate detectors, the Total Ion 
Detector (T1D) and the Mass Analyzer (MA) Each accepts 
positive ions in a narrow entrance cone pointed 15° west of 
vertical in the plane of the ecliptic. Any ion flux observed bv 
either the TID or the MA would enter the vertically oriented 
cup (cup 7) in the SWS. 

The MA requires 12 s for a compiut lass spectrum at each 
energy. Since there are six energy steps, the MA energy-mass 
cycle is 72 s. 

The cycle times for the TID and SWS are similar, but even 
these detectors are unable to provide detailed time variations 
of transient events shorter than about half a minute. 

One picoampere in a single cup of the SWS corresponds to 
a normal parallel beam flux of 2.5 X 10* ions/cm* s or an 
isotropic flux over the field of view of the cup of 4.1 X 10* 
ions/cm a s sr. 

Observations 

So^e SIDE data from this event have been reported 
previously [Freeman and Hills, 1970a; Freeman et ai. 1971a). 
The SWS data have been discussed by C. Snyder, D. Clay, 
and M. Neugebauer (unpublished data, 1971). Th* results of 
these reports and additional analysis can be summarized as 
follows: 

1. Large fluxes of ions were seen from both the horizontal 
and the vertical directions, the largest fluxes arriving from the 
horizontal direction (sec Figure 2). 

2. The fluxes arriving near the horizontal came initially 
from the cast but moved to come from a more northerly direc- 
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Fig. I. An equatorial cross-sectional view of the moon (not to scale) showing the S-IVB impact point with respect to 
the Atscp site and the dawn and solar wind terminators (after Freeman et al [1971a]). The solar wind is assumed to come 
from 5° west of the sun and to have an infinitely sharp shadow edge. We believe that the data indicate that after impact the 
solar wind was deviated from this configuration by interaction with the expanding gas cloud. 


non as the event proceeded. Later in the event they once again 
came from the east (see Figure 3). 

3. The horizontal and vertical fluxes show the same onset 
time and a fair time correlation throughout the first of the 
event, but the vertical flux disappears entirely for the final Vi. 

4. Initially, the energy of the vertically moving positive 
ions was in the 35- to 55 -eV/q energy range. Subsequently, it 
shifted to high energies. Energies characteristic of the solar 
wind were observed throughout the event in the horizontal 
fluxes (see Figure 4). 

5. Massive ions were seen in the vertical flux during the 
onset of the event. In fact, as is shown in Figure 5, this flux is 
thought to have consisted to a large extent of ions of mass 
greater than 10 amu/q. Owing to the upward shift in particle 
energy the mass of the vertical ions cannot be determined 
later in the event. Owing to the absence of a horizontally 
viewing mass analyzer, no mass data are available on the 
horizontally moving ions. 

6 . The maximum vertical positive ion flux as measured 
by the SIDE was about 10* ions/cm* s sr. The maximum 
horizontal flux was a factor of 2 higher. 


TABLE I Apollo 13 S-IVB Impact Parameters 


Muss* 

1.34 X I0 4 kg 

Impact velocity 

2.58 km /% 

Kinetic energy 

4.46 x 10" erg* 

Angle of impact from vertical 

13.2* 

Heading angle north to wwtt 

100.6* 

S-IVB impact location 

2.75*S, 27.86*W 

Apollo 12 Atsep location 

3.04*S, 23.42*W 


Data from George C. Marshall Flight Center (unpublished report, 
1970). 

* Stage dry weight: all residual propellants assumed dissipated. 


7. Isotropic electrons were seen throughout the event. The 
composite electron spectrum peaked in the channel that in¬ 
cluded energies between 20 and 50 eV (see Figure 6 ). The time 
history of the electrons generally followed that of the ions for 
the first V 4 of the event. Like the vertical ions the electrons dis¬ 
appeared before the horizontal ions. 

In the foregoing paragraphs the concepts of horizontal and 
vertical as they relate to the fluxes are somewhat idealized. We 
refer to those fluxes as horizontal that were seen by the SWS 
peripheral cups only. These particles had a substantial com¬ 
ponent of horizontal velocity but need not have been moving 
in a purely horizontal direction. Since cup 7 rarely saw any 
flux at 400 eV, the flow direction of the horizontal flux must 
have been within 45° of the surface. 

Discussion 

The differences in character between the horizontal and the 
vertical fluxes appear to us to be an important feature of the 
data. 

The horizontal fluxes observed by the peripheral cups of the 
SWS had a peak energy similar to the solar wind energy dur¬ 
ing this event. Moreover the first direction of approach and 
the last direction of approach are both from the solar wind 
direction, 180° from the direction of impact. Even the peak 
flux in the horizontal direction (at least 1.3 X 10* ions/cm* s) 
is comparable to the solar wind flux ( 10 * ions/cm* s) at that 
time (Solar Geophysical Data, 1970). From this evidence we 
conclude that 'the horizontal fluxes were solar wind ions 
deflected by the expanding gas cloud resulting from the S-IVB 
impact. 

The vertical fluxes observed by the TID and cup 7 of the 
SWS had a low initial energy and a heavy mass component. 
For this reason we identify at least the early vertical fluxes as 
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TABLE 2. Comparison of SWS and SIDE 



SWS 

SIDE 


Seven Faraday Cups 

TID 

MA 

Field of view, sr 

2t 

0.011 

0.005 

Sensitivity, particles/cm’s sr 

4.1 x 10* 

1.2 X 10 4 

7 X 10 4 

Detects 

Positive ions 
and electrons 

Positive ions 

Positive ions 

Energy range, eV 




Positive ions 

5700-15 

3500-10 

48.6-0.2 

Electrons 

1376- 7 



Mass range, amu 

No mass analysis 

No mass analysis 

130-10 

Cycle time, s 

28 

24 

12/Energy step 
72/Cycle 


ions created in the neutral gas cloud resulting from the S-IVB 
impact. Whether or not all the later vertical fluxes that appear 
with higher energies are ionized, impact gas cannot be deter¬ 
mined. 

We now have two separate streams of ions, a horizontal 
flux that appears to be deflected solar wind ions and a vertical 
flux that is composed of massive ions (>10 amu). The 
horizontal flux is larger than the vertical. 


There are two possible sources for the massive ions. They 
are either ions formed at impact or ions formed by 
photoionization, etc., in a neutral gas cloud released by the 
impact. 

Jeans and Rollins [1970] in laboratory experiments have 
shown that ions can be produced in a hypervelocity impact. 
Although no quantitative data on the number of ions pro¬ 
duced in such an impact are available, it seems unlikely that 



TIME AFTER IMPACT (sec.) 

Fig. 2. Integral positive ion fluxes seen during the S-IVB impact event. The TID and cup 7 of the SWS are sensitive to 
ions coming from the vertical direction, whereas the sum of all cups of the SWS indicates profominantly horizontal fluxes. 
For purposes of comparison, the current sum of all cups has been treated as if it was coming from a single cup and due to a 
flux isotropic over the cup. The labeling of the peaks A, B. etc., is for illustration in Figure 3. 
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Fig 3. Top view of the SWS showing the orientation of the Fara¬ 
day cup- and the azimuthal direction of arrival of the horizontal flux 
dur.ng various stages of the impact event (after C. Snyder, D. Clay, 
and M. Neugcbauer, unpublished data, 1971). Each circle represents 
one ion measurement sequence (one point in Figure 2). The size and 
location of each circle suggest the amount of current observed and the 
direction from which the flux arrived. 


enough could be formed to account for the observed fluxes. 
Moreover any ion formed at the impact would have to 
travel 140 km upstream in the solar wind. Ions of 70 eV are 
not energetic enough to accomplish this. Finally, the fact that 
the first peak occurs 75 s after impact rules out the impact as 
the direct source of the ions. A 70-amu ion with an energy of 
70 eV has a velocity of about 14 km/s. Thus in 75 s the ion 
should have traveled over 1000 km. 

We conclude that an expanding neutral gas cloud was par¬ 
tially ionized and the individual ions subsequently ac¬ 
celerated. 

The maximum expansion velocity of this gas cloud can be 
estimated from the transit times required to transverse the 140 
km to the Alscp site. Since the initial TID peak reached 10% 
of maximum 45 s after impact* the transit velocity was as high 
as 3 km/s. Thus at the time that the TID was measuring the 
peak flux the cloud front had a radius of 225 km. At the time 
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Fig. 4. Energy at which maximum ion flux was observed during 
the impact event. Solid bars indicate the energies of the maximum flux 
as observed by the horizontally viewing cup* of the SWS. The TID 
and cup 7 of the SWS both detect ions moving in a nearly vertical 
direction. The solar wind energy at the time of the event was 600 eV 
(Solar Geophysicul Data, 1970) and is given by the dotted line. 



Fig. 5. Positive ion fluxes observed by the SIDE during the im¬ 
pact event. The solid line is the integral flux observed by the TID for 
energies between 10 and 3500 eV. The dashed line indicates the flux 
seen by the TID at 50 eV, and the solid bars show the flux seen by the 
M A al 48.6 cV. The TID has no mass discrimination, while the M A is 
sensitive only to ions with mass heavier than 10 amu. 


that the SWS was measuring the maximum flux in peak A the 
cloud front had a radius of 420 km. 

The cloud will not expand spherically owing to the flatten¬ 
ing effect of lunar gravity. The exact shape of the pressure 
pulse resulting from an impulsive release of gas from the lunar 
surface can be calculated from kinetic theory (Appendix 1). 
These calculations show that the pulse duration and arrival 
time at any point on the surface depend upon the ratio js/7\ 
where m is the gas molecular weight and T is the initial 
tempeiature. As is seen in Figure 7, the arrival time of the gas 
over the Alsep site, 75 s after impact, corresponds to a gas 
cloud with ti/T of 7 X 10'* amu/°K (iO 4 °K for 70-amu par¬ 
ticles). This figure plots the column density above a point 140 


ENERGY, electron volts 



SWS CtCCTRON ENERGY LEVELS 

Fig. 6. Energy distribution of all electron currents in all seven 
cups of the SWS summed over the entire event (after C. Snyder, 
D. Clay, and M. Neugebauer, unpublished data, 1971). 










Lindeman et al.: Soiar Wind-Neutral Gas Interaction 


2291 


r 



0 100 200 300 400 500 600 700 

TIME (sec) 


Hg 1 Neutral gas column density at the Apollo 12 site re .ulting from a gas release of X „ molecule-* at the location and 
time ot tlie S-IVB impact The TID integral flux is also shown. The arrival time of the peak TID flux is best fit by a ratio of 
pas muss n to gas temperature T uf 70 X 10' * amu/°K. For comparison* the column density resulting from a gas cloud 
with m / of 70 * 10*’ is also shown. 




km from the source To show the variation of column density 
with the parameter p/7\ the curve for a ^/T ratio of 7 x 10** 
amu/*K is also plotted. 

If a steady state condition (the number of ions created in a 
given region per second equals the flux out of the region) is 
assumed, then the observed flux is proportional to the column 
density above the observing site: F * P • p, where P is the 
total ion production rate, p is the column density above the 
observation point, and F is the observed flux. 

With regard to the total vertical flux, cup 7 measured 8 pA 
in the 35- to 52-cV energy channel during peak A. For a nor¬ 
mally incident parallel beam this corresponds to a flux of 2 X 
I0 T ions/cm 1 s. Just prior to this measurement the SIDE look¬ 
ing 15* off the vertical measured a unidirectional flux of about 
I0 # ions/cm* s sr. Assuming this flux to be uniform over 0.2 sr, 
including the vertical, gives a vertical flux of 2 x 10* 
ions/cm* s. This is probably a lower limit since the ‘vertical* 
flux is probably spread over a wider solid angle. Lacking 
further knowledge of the angular distribution, we will use a 
value of 2 X 10* ions/cm* s for the vertical flux. 

From Figure 7 the peak column density p was 6 x 10" w jV* 
where A 0 is the total number of molecules emitted from the 
impact. 

The ionization rates (calculated in Appendix 2) due to solar 
UV and charge exchange in this cloud are 10~* ion/s atom 
and 5 x 10"* ion/s atom, respectively. The solar wind 


parameters used in this calculation were: the proton number 
density equals 3/cm s , and the proton bulk velocity equals 330 
km/s (Solar Geophysical Data, 1970). 

A third source of ionization is the hot electrons observed by 
the SWS. With an assumed average thermal energy of 50 cV 
(T 5 x I0 4 °K) this electron flux will also ionize neutrals. 
The peak electron current was 6 pA in each cup. This cor¬ 
responds to an isotropic flux of 2.5 x 10* el/cm* s sr or 1.6 x 
10* el/cm* s for a 2tr distribution. Several electron gyroradii 
(<l km) above the surface the minimum flux is 3.2 x 10* 
el/cm* s. Since neither 400-eV ions nor 50-eV electrons are 
very efficient in producing secondary electrons from the lunar 
material and the electrons in the cloud are more mobile than 
the ions, it seems likely that the lunar surface will assume a 
negative potential relative to the plasma. Recent results from 
the SIDE indicate surface potentials as high as -100 V exist 
near the terminators [Lmdeman €( a!. t 1973]. The fact that the 
time history of the electrons followed the ion time history so 
closely lends support t^ a negative surface potential. Thus the 
electron flux observed at the lunar surface may have been 
significantly less than the actual electron flux in the cloud. 
With 3.2 X 10* el/cm* s as a lower limit to the electron flux 
and 2 X 10"'* cm* as an average cross section for ionization 
by 50-eV electrons the production rate is 6 x 10 * ion/s atom. 
Since the ratio between the actual and the observed flux may 
be as high as a factor of 10, it is possible that the electron 
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ionization rate may be comparable to or even greater than the 
photoionization rate. 

We will now obtain a working lower limit for N 0 . We 
assume first that the total production rate was dominated by 
photoionization. However, only part of the cloud was ex¬ 
posed to solar UV. The fraction of the column density over 
the Alsep site exposed to solar UV varies in time (Appendix 
1). At the time the peak flux was observed, approximately 
80% of the molecules were exposed to solar UV. Since the 
solar wind was presumably deviated by the interaction, the 
whole cloud was exposed to solar wind protons and fast elec¬ 
trons. Under the assumption that photoionization was active 
over the total volume over the Alsep site the total number of 
molecules released at impact can be estimated from the rela¬ 
tion 

No = 1.6 X 10 ,S F/P 

No = (1.6 X 10 ls )(2 X lOVlO'* 

N a = 3.2 X 10*' molecules 
If solar wind charge-exchange and electron ionization are ac¬ 
tive, then at least an additional 11 X 10~ # ions/s atom arc 
created, resulting in a 10% decrease in the required number of 
molecules emitted. Thus we conclude that if the above ioniza¬ 
tion mechanisms produced the observed ions, approximately 
3 x 10* molecules of neutral gas must have been released in 
the impact. 

Gas Cloud Composition 

Mirtov [1969J and Johnson [1971] have proposed that 
meteoritic impacts may provide a significant contribution to 
the lunar atmosphere. McKay et al. [1970] have proposed a 
base surge origin of lunar breccias in which a hot expanding 
gas cloud produced by a large meteoritic impact plays an im¬ 
portant role. Heymann and Yaniv [1971 ] have also proposed a 
similar model foi one possible origin of the lunar breccias. 

The S-IVB impact was not large enough to produce brec¬ 
cias; however, it did produce a large neutral gas cloud. Since 
this was an in situ measurement on the lunar surface, the mass 
components of the cloud are of great interest. 

The MA in the operating mode then being used measured 
the mass per unit charge in 10 mass channels, which covered 
the range 10-135 amu/q. Each mass spectrum requires 12 s 
for completion. This spectrum is taken sequentially at six 
energy steps, 48.6, 16.2, 5.4, 1.8, 0.6, and 0.2 cV/q, having a 
narrow energy passband (A E » 4 eV for 48.6 eV/q step). 

A large stable flux of one mass will give significant counts 
in two or three adjoining mass channels. By comparing the 
distribution data the dominant mass can be determined. This 
method is rather insensitive at low fluxes (< 10* ions/cm* s sr) 
and can prove erroneous when fluxes of two comparable 


masses are observed simultaneously. The geometric factor at 
48.6 eV for an element that peaks in a given mass channel 
varies from 2 X 10* to 8 X 10 • cm 1 sr, depending on 
whether that mass is centered on the channel or near the edge 
of its mass window. 

Only four mass spectra were obtaired during this event, 
two at 48.6 cV/q and two at 16.2 eV/q. Owing to the rapid 
temporal variations as seen by the TID it is very doubtful that 
a constant incoming flux was maintained over 12 s, the time 
required for a spectrum. Recall also that the MA was not 
necessarily measuring the peak energy of the flux distribution. 
With these limitations in mind, Table 3 gives the raw data 
from all four mass spectra along with masses that peak in 
each channel. 

Figure 5 shows that most of the flux at 50 eV is due to heavy 
masses. Table 3 shows that in the initial peak these heavy 
masses were predominantly between 73 and 96 amu. 

The S-IVB is constructed basically of aluminum alloys 
(63% Al, 17% Cu, 5% Ag, 5% Fe, and 10% other). If an 
average molecular mass of 27 is assumed, there are 3 X 10* 
atoms in this stage. Thus the S-IVB contains enough atoms to 
explain this event, but then the predominant mass peak 
should have been 27. The heat of vaporization for aluminum 
is 67.9 keal/q atom. To vaporize the total mass of the S-IVB 
requires approximately 4 x 10 ,# ergs or 2 orders of magnitude 
more energy than that released by the impact. As a result, the 
metal phase of the S-IVB could only have been partially 
vaporized and probably contributed little to the composition 
of the gas cloud. This conclusion is in agreement with the 
work of ftehjuss [1972], His calculations for spherical 
meteorites on a basalt target show that little vaporization of 
either the projectile or the target occurs for impact speeds of 
less than 12 km/s. The S-IVB impact speed was 2.58 km/s. 

In addition to the metals composing the S-IVB, there were 
approximately 1100 kg of plastics in the form of plastic liners, 
tubing, etc. (T. Page, private communication, 1972). In the 
heat of imoact these may have been vaporized. If an average 
mass of 80 amu is assumed for the vaporization products, it 
will provide 8 X I0* 1 molecules. 

The remaining fuel on the S-IVB was vented before impact, 
so that little or no fuel remained in either the primary or the 
auxiliary systems. 

From Rehfusx'% [1972] calculations, it is not expected tha; 
the lunar regolith was vaporized. However, the regolith 
material contains a large quantity of trapped gaseous 
molecules. These molecules are either trapped in inclusions or 
dissolved in the solid phase within a few angstroms of the sur¬ 
face of the fines. The crushing and heating of the regolith 
material by the impact could release a large number of these 
molecules. 


TABLE 3. Mass Analyzer Data (Counts per SIDE Frame of 1.2 s) 


Time After 
Impact,* 





Mass Channel* 






Energy. 

eV/q 

0, 

10-14 

amu 

u 

15-17 

amu 

2, 

18-22 

amu 

3, 

23-26 

amu 

4, 

27-31 

amu 

32-40 

amu 

6, 

41-55 

amu 

7, 

56-72 

amu 

8. 

73-96 

amu 

9, 

97-135 

amu 

SI 

48.6 

4 

0 

H 

l 

i 

8 

0 

30 

111 

26 

183 

16.2 

3 

3 

5 

0 

0 

8 

0 

0 

0 

0 

255 

16.2 

0 

0 

0 

1 

5 

0 

0 

0 

0 

0 

267 

48.6 

0 

0 

0 

6 

3 

9 

l 

0 

0 

0 


MA background equals 0.1 c/s. 

* Ranges of numbers denote masses peaking in each channel. 
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TABLE 4 

Concentrations of Gases in Crater Ljecta 






lon«zation 




Total Number of 

Cross Sections 


Atomic Mass, 

Concentration. 

Molecules in 

by SO-eV 

Molecule 

amu 

cm* STP/g 

Crater 

Electrons, cm* 

H 

1 

7 2 x 10 1 

8 x 10“ 

8 * 10 11 

He 

4 

9.0 x 10 * 

1 X 10“ 

2.5 x 10-" 

CH, 

16 

1 0 x !0 * 

1 X |0 r 

3 5 x 10 '• 

Ne 

20 

15X10* 

1 X 10“ 

35 x 10 11 

Ne 

22 

1.2 X 10 4 

1 x in* 

3.5 x 10 ” 

N, 

28 

1.0 x 10-* 

1 x 10" 

20 x 10 " 

Ar 

36 

2.7 X 10 4 

3 x 10“ 

3 0x10 “ 

Ar 

40 

1 6 x 10 4 

2 x 10“ 

3.0 x 10 '* 

Kr 

84 

1.7 X 10 1 

2 X 10“ 

4.5 x 10 “ 

Xe 

132 

2.2 X 10 ' 

2 x 10 1 * 

6.0 x 10 “ 


Tabic 4 shows the gases and their concentrations as given 
by experimenters on Apollo 12 fines and breccias. The noble 
gas data are the averages for bulk samples as given by 
Hintenberger et al. [1971]. The H value is based on a H/He 
ratio of 8 [Hintenberger et al., 1970, 1971; Oro et at., 1971]. 
The values for N, and CH« are taken from Funkhouser [1971 ]. 

Whitaker [1972] has recently identified a shallow crater 40 
m in diameter and approximately 5 m in depth as the Apollo 
13 S-IVB impact crater. If a regohth bulk density of 2 g/cm* is 
assumed, approximately 4 X 10* g of regohth material was 
ejected from the crater. With this value the concentrations of 
gaseous molecules have been converted to the total number of 
molecules in the material ejected from the crater (see Tabic 4). 

It is not expected that al! of these trapped gases will be 
released. The energy of impact was not sufficient to cause 
significant melting; thus the molecules dissolved in the solid 
phase will probably not be liberated. With the assumption of 
an average heat capacity of 0.1 J/g °K for the lunar material 
and the conversion of all of the impact energy into thermal 
energy of the crater rcgolith material, then the temperature of 
this material will be raised by 100°K to a final temperature of 
200°K. The gas release efficiency for an impulsive heating by 
IOO°K is not accurately known, but it should not be very 
large. Hermann et al. [1971] estimate the percentage of gas 
molecules trapped in inclusions as being 12-60% for noble 
gases. If it is assumed that all of the trapped gases except H 
are released, then a cloud of ; 2 x I0 M molecules was emitted. 

There is evidence that H may be chemically bound 
[Funkhouser, 1971] and thus wot Id be much harder to 
liberate It the cloud were predomirantly H, then a resonant 
charge exchange with 400-eV protons (<r ^ 2 x 10 ,# cm*) 
would dominate and the bulk of the flux observed by the TID 
should have been hT and not heavy ions. The results in 
Figure 5 show that the bulk of the ions in the vertical flux are 
in fact heavy ions with masses above 10 amu. 

The only other possibility is for the lighter ions to be 
accelerated to the peak energy as is observed by the TID (70 
eV) and the heavier ions to be centered at a lower energy (50 
cV). For an acceleration mechanism involving cither the in¬ 
terplanetary electric field (-V x B) or a surface electric field, 
this possibility is very unlikely. Thus H does not seem to be a 
major component of the vertical flux from the cloud. 

If the plastics are included, one would expect » gas cloud 
containing approximately 2 X 10** molecules to be emitted. 

The principal elements added to the atmosphere were C, H, 
Cl. F, O, and N from the plastics and He, CH 4 » and N* from 
the fines. Bused on the observed masses, the majority of the 
plastics appear to have broken down into molecules of ap¬ 


proximately 80 amu. Some of these molecules will im¬ 
mediately escape from the moon, since the maximum 
horizontal expansion velocity of the cloud (3 km/s) exceeds 
the escape velocity (2.4 km/s). Those that do hit the lunar sur¬ 
face will probably be re-emitted at the local surface 
temperature. Since the dissociation time is about 10* s, the 
ionization time about 10* s, and the thermal escape time 
about I0 ,? s, these molecules will break down into their 
elemental components over a period of several days. If the 
resultant atoms are not chemisorbed bv the lunar surface 
within a few weeks, they will be ionized and either driven into 
the lunar surface or lost from the lunar environment The 
reaction rates for chemisorption of these elements by the 
lunar surface are not known, but it seems likely that at least 
the very reactive elements, F and Cl, will be chemisorbed. 

As a result, the contaminants released in the lunar at¬ 
mosphere should have no long term effects on the lunar en¬ 
vironment in general. However, in the immediate vicinity of 
impact the surface chemistry may have been drastically 
changed by the addition of these reactive chemicals This 
change is evident from the blackened lunar surface surround¬ 
ing all the impact craters formed by man-made objects on 
the lunar surface [Whitaker, 1972; T. Page, private com¬ 
munication, 1972). 

Since the presence of hydrocarbons and other organic 
molecules makes an exact mass identification impossible, the 
MA data were evaluated by assuming that each peak was 
produced by only one mass component. In this manner the 
two 48.6-eV spectra were analyzed by using the most probable 
mass for each peak as is shown in Table 5. 

Neutral Gas-Solar Wind Interaction 

A model based on kinetic theory has been used to calculate 
the expansion of the neutral gas cloud released by the S-IVB 
impact. The parameters of this model have been computed so 
that the maximum amount of gas arrives over the Alscp site 
during the observation of the peak vertical flux, 75 s after im- 


1 ABIT* 5 Identification of Ions Observed by MA 


Spectra 

Mass 

Flux, 

lons/cm* s %r 

1 (57 s) 

12 

1 8 X 10* 


20 

4.9 X 10* 


32 

61 X 10* 


84 

4 9 X 10* 

2 (267 s) 

25 

3 x 10* 


35 

4 x 10* 
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pact. The lom/aiion rates in this expanding cloud have been 
calculated by using cross sections in the upper range of the 
measured values. Using a minimum value for the observed 
vertical flux and a maximum ionization rate (the photoioniza¬ 
tion rate) over the total volume of the cloud yields a value for 
the total number of molecules released at impact of 3 X 10** 
molecules. This value represents a lower limit. 

This value has been compared to the total number of gas 
molecules that were available either as plastics or as trapped 
gases at the impact site. An upper limit of 2 X 10" molecules 
could be vaporized by the impact. Since 10“ of these 
molecules are He and the comparison of the MA and TID 
data showed that the bulk of these molecules had masses 
greater than 10 amu, it is likely that an upper limit of 10“ 
molecules can be placed on the gas cloud. Moreover the 
ionization rates for He are a factor of 10 larger than the rates 
u>cd in this calculation. Thus the calculated lower limit 
should be raised by an order of magnitude if He is the major 
species in the cloud. 

Thus the calculated lower limit for the total number of 
molecules released by the impact is at least 1.5 times and 
probably 3 times larger than the upper limit of the gas 
molecules that are available for vaporization by the impact. 
This discrepancy is within the possible errors of the ex¬ 
perimental observations and those of the computed values of 
the ionization rates and gas-cloud spreading parameters. 
However, there would be a more comfortable agreement if the 
ionization rate was larger. Both an increased ionization rate 
and the detection of the hot (50 eV) electrons by the SWS can 
be consistently explained by the existence of a rapid interac¬ 
tion between the solar wind and the neutral gas cloud. Some 
insight into this process can be gained by considering the 
various stages of expansion of the neutral cloud. 

f he cloud expanded in a vacuum for the first 50 km. At this 
point the vloud has a volume of 2.5 x 10*°cm 1 and an average 
number density of 8 x 10 T molecules/cm* (N 0 = 2 X 10“ 
molecules) The mean free path for clastic collisions be.ween 
neutrals in the cloud {a ^ 3 x 10 11 cm*) was 35 km, and the 
mean free path for charge exchange with solar wind protons 
(it ' 5 x 10 '• cm 5 ) was 250 km. The production rate of ions 
was 4 ions cm* s. 

I he cloud continued to expand into the solar wind until the 
ion production rate in a column (in units of grams per square 
centimeter second) along a solar wind stream line became 
comparable to the mass flux of the solar wind. At this point 
the solar wind could no longer accommodate the additional 
mass, and a shock wave was set up at the front of the cioud, 
which slowed and thermulized the solar wind This shock 
wave formed when the cloud had a radius of about 70 km. 
(See Cloutier et ai (I969J for a one-dimensional analysis of 
this situation.) The solar wind was deflected by the shock 
wave and detected by the peripheral cups of the SWS. 

At 90 km the cloud first emerged into the solar UV. The 
average number density was now 2 X 10 T moleculcs/cm 1 , and 
the mean free path for elastic collisions in the cloud had risen 
to 200 km. The ion production rate due to solar UV was 14 
lons/cm* s. but this was over a very small volume of the 
cloud. The ion production rate due to charge exchange was 
0,7 ion/cm* s. The increased ionization rate ta the upper 
regions of the cloud may have altered the jump conditions of 
the shock and the postshock streamlines, but basically the 
situation remained unchanged. 

At the time that the TID was measuring the initial ion peak 
the cloud had a radius of 225 km. The average number density 


was 10* molecules/cm*, and the elastic mean free path and 
solar w ind charge exchange mean free path were of the order 
of several thousand kilometers. The ion production rate was 1 
ion/cm* s owing to solar UV and 0.05 ion/cm , s owing to 
charge exchange. The streaming pressure of the cloud at this 
point (see Appendix 3) was 1 X I O'* dyn/cm* as compared 
with the pressure of the solar wind, 5 X 10 * dyn/cm*. 

The key to the explanation of this event is probably the hot 
electrons. By assuming that only solar wind electrons with a 
number density of 3 el/cm* arc being energized and by giving 
these electrons a thermal energy of 50 eV the flux of hot elec¬ 
trons would be 10 10 el/cm a s or a produ.iion rate of 2 X 10'* 
ion/s atom. This is slightly larger than the photoionization 
rate, and since the solar wind seems to have been deviated 
through the cloud, these electrons will be ionizing over a 
much larger volume than the solar UV. With the use of this 
production rate the calculated number of molecules emitted is 
only 1.6 x 10“ molecules. The addition of photoionization 
will make this even lower. Thus the energization of solar wind 
electrons may explain the observations by reducing the mass 
of the neutral gas cloud to a more reasonable value. 

Moreover if the observed hot electrons are being energized 
over a thicker region than the shock layer itself, then some 
thermal electrons resulting from the ionization of neutrals will 
also be energized. In this case, an avalanche effect will occur, 
which is limited only by the energy flux of the solar wind. The 
energy lost by each solar wind proton can go into proton ther¬ 
mal energy, electron thermal energy, and wave energy. Thus 
each proton can energize at least three or four electrons. This 
ability would raise the ion production rate to 8 X 10 * ion/s 
atom, the number of molecules in the cloud thus being 
reduced to 4 X 10 27 . 

Note that this may not be inconsistent with the obserxed 
electron fluxes. As we have already noted, Lindeman et al. 

11973) have shown the lunar surface potential to be negative 
as much as 100 V on the night side of the dawn terminator. 
This potential will repel as many electrons as necessary to 
balance the sum of all the currents to the surface As a result, 
the observed electron flux will be less than the actual flux in 
the cloud. 

The avalanche effect discussed above is very similar to the 
critical velocity hypothesis proposed by Alfven [1954] in his 
theory on the origin of the solar system. Alfven proposed that 
when the relative velocity between a plasma and a neutral gas 
in a magnetic field reaches or exceeds a certain critical value, 
the gas is efficiently ionized. This critical velocity V\ can be 
obtained by equating the kinetic energy of neutrals relative to 
the plasma with the ionization energy of the neutrals 
where 4* is the neutral ionization potential) 

V* = 

The exact ionization mechanism seems to vary with the 
prevailing conditions [Sherman, 1970; Danielsson, I9706J. 
Danielison [1970dJ has found in laboratory experiments that 
electrons are energized and cause efficient ionization under 
conditions that should have been coftisiontess. 

Reasoner and O’Brien [19721 report the observation of a 
large flux of electrons in the energy range 40-95 eV, which 
resulted from the impact of the Apollo 14 lunar module on 
the lunar surface 66 km away. The authors argue by the 
process of elimination that these energetic electrons are the 
result of a neutral gas-solar wind interaction and are not 
produced at impact. 

If energetic electrons are a common feature of the intcrac- 
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lion of a tenuous plasma and a collisionlcss gas, then several 
applications become apparent. A few that have already been 
mentioned arc the ionospheric models for Mars and Venus, 
the ionization mechanism in type I comet tails, and possibly 
even the existence of our solar system. 

It is unfortunate that the uncertainty in the data does not 
clearly indicate whether the electrons are energized only at the 
shock front or over a much wider region. In either case it is 
probable that energetic electrons play an important role in 
this event. 

Thus the neutral gas cloud seems to have been efficiently 
ionized by the solar wind in this interaction. Moreover the 
solar wind underwent large deflections in the interaction. The 
exact deflection mechanism has not been specified in this 
model, although it was probably accomplished by the shock 
front rather than the local lunar magnetic fields. 

By means of an expansion velocity of 3 km/s the cloud had 
expanded over 380 km beyond the Alsep site during the obser¬ 
vation of the maximum horizontal fluxes by the SWS. At this 
time the flow was from the north. It requires an 8-? magnetic 
field directed into the lunar surface to deflect a 400-eV proton 
by 90° in 380 km. The average local surface field at the Alsep 
12 site is 36 y and directed into the lunar surface with a dip of 
32°. The magnetic pressure exerted by a 36-7 field is 5 x 10 * 
dyn/cm 1 (Appendix 3). The pressure exerted by the solar wind 
after being deflected by 90° (K ■- I in Appendix 3) is 5 x 10 * 
dyn/cm*. When the local field attempts to deflect the solar 
wind by more than 90°, the solar wind pressure exceeds the 
field pressure and the local fields arc then deformed by the 
solar wind. This qualitative discussion shows that the assump¬ 
tion that the horizontal fluxes arc deflected solar wind ions is 
perhaps consistent with the available data. However, the solar 
wind is not deviated in this manner on other lunar mornings, 
so the complex time history of the horizontal fluxes may be 
due to the deformation of the local fields, as well as deviation 
of the solar wind flow by the shock front. 

Summary and Conclusions 

The impact of the S-IVB on the lunar surface vaporized the 
HOO kg of plastics on the rocket and released some of the 
trapped gases in the lunar soil. A maximum of 2 x 10* 
molecules were released in the resultant gu* cloud, the plastics 
having been apparently broken down into 80-amu molecules. 
This cloud expanded at a mean horizontal velocity of 2 km/s 
over the 140 km to the Alsep site. As the cloud wxpanded, it 
came into contact with the solar wind and ionization started. 
When the column ion production rate exceeded the solar wind 
mass flu* a shock wave was set up at the front of the cloud. 
As a result of either this shock wave or an anomalous neutral 
gas-solar wind interaction, electrons were energized to 50 eV. 
These hot electrons then dominated the ionization rates of the 
neutral cloud. 

TIk thickness of the shock wave or interaction layer can be 
estimated by assuming that it coincides with the initial peak as 
observed by the TID. From the average transit velocity and 
the temporal duration of the peak (full width at 10% max¬ 
imum) this layer is 17 km thick. If the shock wave is ut an 
angle with respect to the lunar surface, this value would be an 
upper limit. 

The collisionless interaction suggested by these results has 
application to a wide variety of problems in space research. If 
the existence of energetic electrons proves to be a common 
feature in neutral gas-plasma interactions, the implications 
may be far-reaching. 


Appendix I 

The distribution of gases resulting from ga« sources on the 
lunar surface has been calculated previously by Yeh and 
Chang [1971, 1972] Hodges el ai . [1972], and Hall [1973]. 

If S D particles are released isotropically with a Maxwellian 
distribution from a point on the lunar surface (A'©, T* Z a ) at a 
time / - 0, then the particle distribution at the source is given 
by 

/ m Y ' 2 ( wv,/\ 

/« = /Vo «(*n) a< Yn) HZu) \2x~kf) cxp \2krl 

where m is the molecular mass of the emitted gas, T is the 
temperature at which the gas is released, k is the Boltzmann 
constant, and v 0 is the molecular velocity. 

With the assumption of no collisions the distribution func¬ 
tion will be constant along a particle trajectory in phase space. 
The density of a particle at a particular location at time / is 
obtained by integration of the distiibution function with 
respect to the velocities. By assuming a flat lunar surface this 
integral is given by 



where g is the acceleration due to lunar gravity, H = kT/mg . 
and R 7 A* + Y 1 This result has been obtained previously by 
Hodges el at (1972) 

The total column density p at a distance R is obtained by in¬ 
tegrating over / from 0 to infinity, the following result being 
given: 

P<*. 0 = 2rg/tl J e M>(-*y2v/// , > 

•|l “ erf [t(g/%H) u> ]\ 

where 

erf (a) = U W a f e ’* dy 

•Ml 

The column density above an altitude v is given by 
" - 2,%‘ ' ,p 

•|l - erf IHg'&H)' ' + Z(2/gHi‘) J )| 


Appendix 2 

The production rate is given by 
P -- oF\ 


where a is the ionization cross section, F is the ionization flux 
(particles or radiation), and S is the neutral number density. 
A normalized production rate is given by 

P/S - OF 

and is given in units of ions/s atom. 

Solar LIV. Assume an average ionization potential of 11 
cV and a photoionization cross section of 10" IT cm* for heavy 
atoms and simple molecules [Hudson, 1971). The flux of 
photons with energy greater than 11 eV is about 10“ 
photons/cm 1 s [Hinterrgger. 1965) 

P/S - 10 • ion/s atom 
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Char” exchange. Assume an average crois section for 
asymmetric charge exchange of a 6uO-eV proton with the 
neutrals composing the cloud of 5 X 10 1# cm* [Bernstein et 
al., 1963). The solar wind flux at the time of this event was 10* 
protons/cm* s. 

P/S - 5 x 10* • ion/s atom 

Electrons. Assume an average cross section for ionization 
by 50-eV electrons of 2 X I0' li cm* [Kieffer, 1965). The exact 
flux of electrons is not known, but a lower limit is 3.2 X 10* 
cl/cm* s. 

P/S - 7 X 10“ * ion/s atom 

Appendix 3 

The pressure required to contain the expanding cloud is 
given by the streaming pressure 

p « Kpv % 

where AT is a constant approximately equal to I, p is the mass 
density, and v is the expansion velocity. 

If an average particle mass of 80 amu, an expansion 
velocity of 3 km/s. and an average density of 10* 
molecules/cm 1 are assumed, the pressure is 

p » 10 * dyn/cm* 

The streaming pressure of the solar wind at the time of this 
event was (n =* 3 protons/cm*; v =* 330 km/s) 

p * 5 x I0~ f dyn/cm* 

The pressure of the average magnetic field at the Apollo 12 
Alsep site is given by 

p * B*f%i 

Since the average magnetic field is 36 7. the magnetic pressure 
is 

p» 5 x 10** dyn/cm* 
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Thin pajx*r reports some preliminary result* from tin* Supnithcriiml Ion De¬ 
tector* deployed on thr lunar surface by the Apollo 12 and 14 astronauts, Salient 
feature* uf th«**e result* mdudo: the possible obse rvation of sporadic venting of 
go* from the' lunar surface; e\ idrncc for a prompt ionization and acceleration 
mechanism operating in the lunar evrwphere; and a preliminary measurement 
yielding approximately I month for tin *-folding decay tune for the heavier 
components of the* exhaust gases from tin Apollo lunar landing systems. Promi¬ 
nent phi noiticna from wlueh these 1 results have been derived are; (1) ion bursts 
of low to moderate energy seen in conjunction with lunar sunrise and sunset ; (2) 
solar w uid energy ions deteeted on the night side of the Moon ; (II) ions of several 
keV energy seen during the lunar sunset to midnight ipmdrant of the Moon's 
orbit; (4) magnet os hen t h ton flux enhancements; (5) ion bursts generated h\ tin 1 
lunar iin|met of tin Apollo |;1 Saturn up|s-r stage and other man-made object*; 
and (0) geoiiuignettc storm nssoemted ion flux variations in the Karth's magneto- 
tail. 


I. iNTKODt'CTlON 

The objectives of the Apollo Lunar 
Surface Experiment Package (ALSFP) 
Suprathermal Ion Detector Kx|>eriment 
(S1DK) are to provide an exploratory 
search for possible lunar exospherie pheno¬ 
mena and to study the internet ion between 
these phenomena and tin* Solar Wind. To 
this end the instrument (shown in Fig, 1) 
is et|uipp:nl with a crude positive ion muss/ 
unit charge spectrounder and a jHisitive ion 
energy/unit charge sjieetroneter. The first 
SIDE was deployed by the A|k>1Io 12 
astronauts in the ()cenn of Storms (23.4 W, 
3.04°S) and the second in the Fra Manro 
Highlands (I7.4X W, 3J»~ S). A third such 
instrument was deployed on duly 31, 1971, 
by the Apollo 15 astronauts in the Hadley - 
Apcnnine area. All these instruments are 
presently functioning However, since the 

I Pri'sented at the . v ,Vth tleneml Assembly of 
the International Timm of (leophysics and 
Geodiwy, Moscow, August, 1971. 

* Present address: Department of Plasma 
Physics, Koval Institute of Technology, S-100 
44 Stockholm 70. Sweden. 

© 1972 fcy Actdtmk Pnu, Inc. 


Apt 12 SIDE has been in ojieration the 
longest results rep< rted herein are based 
piineipally on data from that instrument. 

The purjMise of this rcfMirt is to provide 
only a brief summary of a few of the prin¬ 
cipal findings. More detailed pa|K*rs ad¬ 
dressing themselves to individual features 
of the data arc* in preparation or have been 
presented b\ Freeman tt at. (1970), Free¬ 
man and Mills (1970), Fenner rial. (1971), 
Freeman (1972), Freeman * t at. (1971), 
(Jarrett ti al. (1971), Hills and Freeman 
(1971), and Lindeman 1 1 at. ( 1971). 

II. TiikNIDK Kxi kiumknt 

Figure 2 shows tk oj crating principles 
of the instrument. The* ion mass/// spectro¬ 
meter consists of a crossed electric and 
magnetic field (Wien) velocity filter fol¬ 
lowed by an e! trostatie curved- plate 
energy/#/ filter. The sensor is a channel- 
electron multiplier with its input biased at 
—3.5 kV so that only positive ions can be 
detected. The device is seijuenced through 
the six energies, 0.2, 0.0, 1 K, 5.4, 10.2, and 
4X.6eV. While at each energy, twenty 
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J**iu. I. T!m‘ A|*»tU> 14 SllJK tU*plo\r*i «m tin Unm« hiiHmim*. Th* AI«SKI* * i*ntr«l Malum, radio- 

tM*>mpe tlmruml »in<l luUIttiomif tX|H*ntHttiU «**m !*■ s**»n *ii th** tMiekgraniMl. t li** *'*»M 

t*atlt*ttU‘ MHii/.allOH w m llw* timer 1**11 foreground (JoimMiii rt «/., IM71 >. 44m* rtitrunee **|***t lnr» ,% 

far tin* M A him I TM> hiv mi iIh* SI OK hip liorr/ontal *urfuee. At tl*** Urn* 1 *»f tin* pltotogt.iph tl»*\ 
an* |iruti*eted h> adust enter »tdk*e<itientt\ lemouil Uy rmlia **oiiumiriil ‘Hi*- SI UK top Imri/nnUd 
sttrfjiiv t» uUmiI 20 in nUne ill** Umar surfuee. A ImiMiU* U*\vl h u*ed •*> tin* uMrowuit to U*\*'l tli»* 
mSraiitent vuthrn 5 . 

veloeity step (cvrmt|>oiHlitig to 2 o mu** 7 4H.iti*V. This ileteetoi' i* eulltHl tin* Mu#* 
range*jarefeomtNI hy stepping the voltage Amtlyiwf or MA. A eomplete om^v-maw 
oil tltfolwlrit' held plate in tin* Wien filter. m*uii is ueeranplished in 2 ..Vi min. 

Thu* the mas*i#/ rangefrom approximately Tin* seeond deteetor ealled tin* Total Ion 
|0 to IftOOamu/*/ (for the Apollo I2SIDK) Ueteetor or Tl 0 is idetPieel to the M A hilt 
is sampled in 20 step at six energies up to |m**e**e* . •> veloeity filter ft is also tuned 
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Fig. 2. S£DK principal elements. The lunar suifi'.oe groti ml plane and it* stepping supply 
periodically alter tin* electric potential bctwmi the instrument ground (aim* a wire mesh screen 
on the top surface) and the lunar surface. The potential range in from 427*0 to 27*0 V in 23 steps 
including 0. Sec tlic text for a dt script ion of the other elements of tlm experiment. 


to include highe, < nergics. It trovers the 
energy range fron. iOeV to 3500eV in 20 
differential steps. Results of the TII) can 
be compared with those of the MA to 
determine the flux of iKttitivc ions in the, 
mass jq range not covered by the MA. 

The geometric factors for the Apollo 12 
detectors are 10~ 4 cm 2 -sr and 0.5 x 10 4 
env-sr for the TII) and MA respectively. 
Both fields of view are approximately 
square and 6° on a side and the look-axes 
are 15° west and east of local vertical for 
Apollo 12 and 14 respectively. They lie 
approximately in the ecliptic plane. Addi¬ 
tional details of the exjierimcnt can bo 
found in Freeman el al . (1070) and Hills 
and Freeman (1071). 


111. Summary ok thk Data 


Phenomena rented by the SIDE can 
bo broadly divided into two categories: 
diurnal, that is, recurring on successive; 
lunar orbics; and sporadic or singular 
events whose occurrence may be inde|>en- [ 
dent of lunar phase. ' 


Figure 3 shows the lunar orbit location 
of various diumai phenomena that have 
been observed with the Apollo 12 instru¬ 
ment. Also shown are the look directions 
for the field of view of the two detectors. 
The look-axes lie approximately in the 
‘ecliptic plane. 

Note first the indicated presence of 
intermediate and low energy ion bursts 
(IBs) usually such within a few days either 
side of the ALSEP |m«sage by the sunrise 
and sunset terminators (Lindeman et ai . 
11)71). Here intermediate and low f energy 
refers to ions in the In to approximately 
1250 oV/v range. The brief and sporadic 
up|>earancc of IBs contrasts to the more 
steady and sustained count-rate enhanec- 
ment produced. for example, by the 
magnctoshcath or solar wind plasma flow. 

Note also the up|»cdrancc of higher 
energy (up to 35nOcV/r/) ions in the pre¬ 
midnight quadrant. These are thought to 
be high energy protons that have escaped 
upstream from the Earth s bow shock to 
impinge* on the night side of the Moon. 
Such protons have been reported pre- 








S V i*R ATHEKM AL IONS NEAK THE MOON 


331 



Flu. 3. Cupaulr nummary of the* location of cliurtml phenomena along tin* lunar orbit. 


v ion sly (Asbridge rt «1 M 1908) but were not 
known to extend as tar as the Moon. 

Extensive data are also available from 
both the Apollo 12 and 14 instrument on 
the characteristics of the magnetosheath 
ion flow since during passage through the 
inagnetosheath these detectors look direct¬ 
ly upstream (Fenner ft al. } 1971). These 
(lata deal less directly with the Moon and 
hence will not be the main subject of this 
|mper. 

Garrett et al. (1971) have re|M>rted 
enhancements of plasma-sheet ions seen 
\%ith the SIDE iu the magnetotail during 
a geomagnetic storm. At times other than 
this the plasma flux in the tail has remained 
at or below the TII) high lunar day back¬ 
ground level. 

IV. Ion Bursts 

We return now to t he subject of the IBs 
seen near sunrise and sunset. Using data 
from the Apollo 12 TU), Lindeman ft al. 
(1971) have performed a preliminary 
statistical study of the spectral types and 
their location in lunar orbit. The results of 
this study are shown in Fig. 4. Here it is 
seen that at least five spectral tyjjes have 
been tentatively identified. Whether or not 
these are all mde{>endent phenomena still 
remains to be seen. 


, The top sjx'ctrum in Fig. 4 {type 1) with 
its lunar orbit distribution weighted to the 
post-sunset region, is probably the bow- 
shock protons already mentioned. 

The type 111 spectrum, with its distribu¬ 
tions weighted slightly toward the pre- 
sunrise region* appears to resemble solar 
wind that has been deflected onto the night 
side of the Moon. One dramatic example 
that appeared 4.7 days before the sunrise 
terminator Ims been re|K>rted bv Freeman 
(1972). 

A feature of (milicular interest is the 
occasional ap|>earance of a low energy peak, 
often around 50eV, that may be found 
superimposed on any of these s]>eetral 
types or standing alone. This is illustrated 
by the dotted peak in type ill. It is in this 
type of spectrum that higher mass jq ions 
are sometimes found. When the MA 
indicates the presence of higher moss/? ions 
the event is referred to os a HIB for heavy 
ion burst. 

One of the most interesting examples of 
a HIB event occurred on March 7 and 
was observed by the Apollo 14 SIDE. The 
mass/g spectrum typical of this event is 
shown in Fig. 5. Here we see the raw data 
ik m a single spectrum taken at 48.6eV/g. 
The mass fq of the ions producing the strong 
peak in mass channel 5 was between 18 and 
23 amu/ 7 . This spectrum is one of 5 similar 
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Km. 4. Spectral tv pin Hint luiinr orbit rm|iH»iry (lixlribiition of Til) iim hnrxlx. XovciiiImt Id. 
IttHO Mav III. IV7II. The spectral type* arc iHbcletl l through V. The lower energy dotted pcakxhowo 
Ku|x iimponoH on the type 111 spectrum ix not Always present noil nmy Is* found iH-casioi tally in 
other spectral types ah well. 


H)K'f‘tm that occurred within a 50 min 
period late in the event. The entire event 
consisted of intermittent bursts of heavier 
ions lasting nearly 14 hr. During that time 
the highest flux recorded by the MA was 
lo* ions/cm'-8ee-sr and was in mam channel 
5. At the same time the adjacent mass 
channel, channel 4, indicated statistically 
significant counts. This suggests that the 
ions producing the beam were toward the 
lower end of the channel 5 passhand. 
probably water va|>or. During laboratory 
calibrations water vapor showed up pre¬ 
dominantly in channel 5. 

At the time of the mass/f/ s|>ectrum 
illustrated in Fig. 3 the T1D indicated an 
energy spectrum as shown in Fig. tt, an 
intense monochromatic peak near 50 or 


70eV/f/ HU|K>riin)XMed on a h. jadcr sjiec- 
trum (leaking at around 250eV’/</. A similar 
pattern of a |ienk at or below lOOeV/r/ is 
common whenever mass s|s>ctra are dis¬ 
cernible with the MA. For the event 
illustrated hen* the low energy peak was 
exceptionally intense, monochromatic, and 
highly variable in amplitude: varying as 
much as two orders of magnitude within 
25 sec. 

The foregoing H1B occurred 21* day’s 
after the A|miIIo 14 landing. Its peak 
intensity exceeded any other H f B observed 
to date by over one order of magnitude, 
and all other such events have been clearly 
identifiable by their close time proximity 
to lunar surface operations or man-made 
events. Furt her, this event appears different 
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Km. 5. Mas8/7 K|KH*tnnn typical of tin* Mim*h 7, 1971 event. The in aw/// rangt 1 * shown for nil'll 
channel (in mnu/unit charge) represents worMhctiM' limits obtains I by plotting the n*ultH of ti series 
of Inlxirutory calibration riuiH with known glints nml taking the two at might line envelopea that 
included all points to dcHnc the range of each mivw channel. These ranges therefore indicate approxi¬ 
mately the iiuisa/v range included in each channel. More detailed knowledge of the actual ions present 
is genemlly possible by computer Holution of 20 simultaneous equations involving the lalniratory 
obtained nv|x>nw functions. Thin detailed work is in progn***. 


tO p - -t—t* r-j— '*1-* r— t-]- 

► APOLLO 14 SIDE 

. TOTAL ION DATA 

MARCH 7. 1971 

• I72S Aft TO I7?t> 0*» 
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Ktu. ti. Til) energy spectrum at the time of 
tile March 7, 1971 HIR event. The vertical error 
Istrs rrpnwnt tlie lo limits baaed on the count 
statistic* and the Immontul bars, the detector 
energy passfmnd widths. 


in character (o.g. event duration and 
energy) from several other I Bs recorded Hv 
more? than one SIDK (and the AHSKP 
Passive Seismic Kx|ierimcnt) at energies 
too high to allow' a mass/«y determination 
but lielieved to lie due to incttsiroid im¬ 
pact* (Hills and Freeman, 1971). For these 
reasons, together with the narrow muss/iy 
rt|KTtrum, we sus|H'ct that the March 7 
event may represent a natural sjHmtaneotm 
emission of gas from the lunar surface. 

An example of a HIH identilied with 
lunar surface activities is shown in Fig 7. 
This spectrum occurred during the A|xillo 
14 2nd KVA ami shortly after the LM 
cabin d?presHuri%ution for that activity. 
This spectrum, with its strong peak in mass 
channel It, is thought to have arisen from 
the molecular oxygen released by the cabin 
depressurization process. (During lulmra- 
tory calibrations (k* showed up predomi¬ 
nantly in channel 0.) This flux lusted only 
a minute or so. 

Not all the mass/r/ spectra have l>een as 
narrow as these two. Figure 8 illustrates a 
composite spectrum from an HIR of 
extended duration kcou approximately 2 




334 


J. W. FREEMAN, JR., ET AL 


APOLLO 14 SIO€ 



MASS CHANNEL 

Fig. 7. Sonic as Fig. 5 for February 0, 1971. 


months after the Apollo 12 landing. The over a hemisphere about 20 hr after land- 
broad mass /7 speetrum seen here is very ing. If we assume satisfactory uniformity 
similar to that shown in Fig. 9 taken 14 hr bv the time of the s|ieetrum shown in Fig. 
after the Apollo 12 lunar landing. By 9 (i.e. local gas inhomogeneities have died 
comparison with predicted spectra away), similar ion accelerating conditions 
(Simoneit ft ol. y 1999) we believe these for the occasions of the two spectra, and an 
spectra to result from residual or exhaust exponential decay curve, we can calculate 
gases from the LM ascent and descent the e-folding time for dissipation of the 
engines. exhaust gases from the lunar surface. The 

According to diffusion calculations by result is approximately So days. In obtain- 
Chang (1999) the descent stage exhaust ing this number we have corrected for the 
gases should reach a uniform distribution subsequent additional input of gas from 



MASS CHANNEL NUMBER 

Flu. 8. Composite mi lhh/«/ for the KjMviHiMl interval on January 19. 1970. The same 

comment* regarding tim **fq range* apply as Htutcd for Fig. A. 
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MASS CHANNEL NUMBER 

Flu. 9. Composite nwmfq spectrum for the specified interval on Noveinlier 19, 1999. The satne 
comments regarding mass [q ranges apply os stated for Fig. 5. 


the LM ascent stage by assuming these 
gases to be captured by the Moon in an 
identical proportion as those for the 
descent stage. 

This preliminary figure of 1 month for 
the mean lifetime of rocket exhaust gases 
is somewhat shorter than the approxi¬ 
mately 100 day lifetime that might be 
expected from pure ionization escape of 
these heavier gases (Johnson et oi., 1971); 
on the other hand it is longer than the 
several days predicted by Chang (1909). A 
more complete examination of the 81DE 
data and the AL8KP eold-eathode-gage 
experiment datu is hound to yield a more 
refined figure. 

V. S-tV B im*Arr 

The foregoing discussion is taken as 
evidence for the prompt ionization and 
Acceleration of gas from local natural or 
man-made sources. Further support for 
such an ionization und acceleration mech¬ 
anism (or mechanisms) is provided by data 
from the lunar impacts of portions of the 
A|>ollo system (Freeman ft nl, t 1971; 
Freeman and Hills, 197U). The Apollo 13 
S-iV B impact was some 140km west of 
the Apollo 12 ALSKP. About 2o sec 


following the impact an intense flux of ions 
was detected at the ALSKP site. Figure 10 
illustrates the mass lq *[>ectnim obtained 
by the MA at 4K.fieV/</ during the early 
part of this burst of ions. The strong peak 
near heavy masses is thought to represent 
vaporized and ionized lunar surface* 
material. This was the first occurrence of a 
mass spectrum showing such heavy ions 
thus verifying that the ions were from the 
i.npaet. 

The kinetic energy of the impact was 
approximately 5 * 10*° J. Figure 11 illus¬ 
trates the time history of the ion flux and 
energy for the event as reported by the 
Til). Note that an initial burst of ions was 
seen 21 see following the impact. At this 
time the ion energies wen* between 5o and 
l00eV/f/. After this the energies fell to low 
values and then rose again to as high as 
500eY7</ as the flux increased some 4 min 
later. Ions of similar energies but with 
lower intensities were also ol>served im¬ 
mediately following the Apollo 12 LM 
ascent stage impact and the A|k>I1o 14 and 
15 S-1V B impacts (Hills and Freeman, 
1971; O'Brien and Heasoner, 1971; Free¬ 
man ft a/., 1971). 

For the Apollo 13 8-1V B impact the 
maximum integrated flux seen from the 
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Flu. 10 . l*ompo*itv mnAK /9 »ptH*tnun for th«* Apollo 13 8-1VB impart event. Tin* tonne romntrntx 
n*gHrdtng itutw*/*/ rnttgr* apply it* Httittni for Fig. 5. At tin* thro* tI hw datn ww* taken tin* 81DK 
had Ikmmi cotmmut<le«! into mi n|x*mtmg mode when* the *atttplitig of rtwniM*!* 10 through 10 wan 
Wimiimtcd. 


near vertical direction by the SIDE waa 
3 v I0 7 ions/onr-sec-sr. The 8<»lar Wind 
Speetroroeter (another AI.HKI* experi¬ 
ment) aaw mneli higher fluxes arriving 
simultaneously from more nearly hori- 
sontal direction)* (C. Snyder, private com- 
mnnication). If one assumes the entire 


maf*a of the A|n>IIo 13 N-IY II stage, 
1.34 x in*kg (Marshall 8 |mcc Flight Center 
Report, 1070), to represent t lie mass of the 
vaporised material a conservative up|ier 
limit estimate can la* obtained for the 
ex|iccted ion Hiix due to classical photo- 
ionisation and charge-exchange reactions. 
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Assuming a spherical gas cloud whose 
radius is the distance from ALSEP to the 
impact point this estimate is 10* ions/cm 4 - 
sec-sr; at least one order of magnitude 
below the observed flux. This discrepancy 
suggests t he need for an anomalous inter- 
action mechanism between the neutral gas 
cloud and the solar wind. Such a mechan¬ 
ism has been proposed by Alfv^n (1954) 
whereby when the relative velocity be¬ 
tween a plasma (in this case the solar wind) 
and a neutral gas in a magnetic field exceeds 
a critical value highly efficient ionization 
of the gas takes place. This phenomenon is 
being investigated by the Stockholm group 
(Danieteson, 1970; Fahleson, 1901). Manka 
and Michel (1970) have discussed the 
acceleration fate of lunar exospheric ions 
as a result of the interplanetary electric field 
however in the present cast' the rapid 
ionization must also Ik* explained. 

VI. St’MMAKY 

Several examples now exist of energized 
ions of mass/f greater than singly ionized 
hydrogen or multiply ionized heavier ele¬ 
ments close to the lunar surface. While 
most of these can be identified with man's 
activities pertaining to the Moon at least 
one event may have had a natural origin 
and is suggestive of a transient lunar 
surface gas emission. 

A most !iii|K>rtunt universal feature of 
these events is that the ions ap|teur 
promptly and arc found in a substantially 
accelerated state. This indieiites the acti¬ 
vity of one or more im|x>rtant ionization 
and acceleration mechanisms such as ac¬ 
celeration by the interplanetary eleetrie 
field or an anomalous interaction with the 
solar wind. Such mechanisms must be 
taken into account in calculations of 
planetary atmospheric losses and the gas 
content of lunar rocks. 

For the ease of the A|x>llo rocket exhaust 
gases preliminary data indicate a mean 
lifetime for the heavier gas com|Minci!tH of 
about one month. 

Finally we again wish to emphasize the 
preliminary nature of these* interpretations 
of a large* body of data of which only a small 
fraction has Iwtm examined to date. 
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OBSERVATIONS OF 

WATER VAPOR IONS AT THE LUNAR SURFACE* 

J. W. FREEMAN, JR., H. K. HILLS, R. A. LINDEMAN, ami 
R. R. VONDRAK 

Dtp!, of Space Science, Rice University, Houston, 7V.tr., U.S.A. 


(Received 7 December, 1972) 

Abstract. The Apollo 14 Supraihcrnial (on Detector Experiment observed a series of bursts of 
48.6 eV water vapor ions at the lunar surface during a 14-h period on March 7, 1971. The maximum 
flux observed was 10* ions cm ~ s 1 sr~*. These ions were also observed at Apollo 12, 183 km to 
the west. Evaluation of specific artificial sources including the Apollo missions and the Russian 
Lunokhod leads to the conclusion that the water vapor did not come from a man-made source. 
Natural sources exogenous to the Moon such as comets and the solar wind are also found to be 
inadequate to explain the observed fluxes. Consequently, these water vapor ions appear to be of 
lunar origin. 


I. lfttroduc ioa 

The existence of water at or beneath the lunar surface is a question of great importance 
in theories of formation of lunar surface features and of the Moon itself (cf. Urey, 
1969 for a review). If the Moon were devoid of water now or in the past it would be 
unique among the terrestrial (i.e. high density) planets about which detailed informa* 
tion is now available. At the Third Lunar Science Conference we presented preliminary 
observational evidence for the occurrence of endogenous water vapor at the lunar 
surface (Freeman et a!., 1972b). In this paper we review this evidence, present a more 
detailed description of the event, and discuss more completely arguments pertaining 
to the identification of the source. 

The Apollo 14 Supraihcrnial Ion Detector Experiment (SIDE), part of the Apollo 
Lunar Surface Experiments Package (ALSEP), observed ions of mass 18 amu/q 
during an event of approximately 14 hours duration on March 7, 1971. Because of 
their mass per unit charge, these ions are believed to be constituents of the water 
vapor group. Several gus sources associated with the Apollo 14 mission one month 
earlier have been suggested as possible sources of this water vapor. However, all of 
these appear to us to he inadequate to explain the observed phenomena. 

The SIDE consists of two positive*ion detectors: the mass unaly/cr (MA) and the 
total ion detector (TID), The location of the Apollo 12 and 14 SIDEs and the concept 
of acceleration of ions into the instruments are illustrated in Figure I. The MA con* 
sisls of a velocity fillet and an energy per unit charge (energy/q) filter followed by an 
ion detection system. The velocity filter and cncrgy/q tiller urc sequenced through a 
scries of steps to provide coverage of twenty mass/q ranges at each of six cncrgy/q 
steps: 0.2,0.6, 1.8, 5.4, 16.2 and 48.6 cV/q. The TID is an ion cncrgy/q spectrometer 
that records ions without mass discrimination in 20 differential energy channels from 

* Paper dedicated n» Pi*d. Harold ( Urey on the occasion of his 80th birthday on 29 April 1973. 
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Fig. I. Conceptual operation of the SIDE as a mass spectrometer, showing geometry of the March 7 
event. Pholo-'oniixlion by tolar UV and charge exchange processes with the solar wind ionize 
the lunar exosphere. These ions are then accelerated by the interplanetary electric Add associated 
with the motion of the solar wind (Manka and Michel, 1970; Manka. 1972). as illustrated, or some 
other acceleration mechanism operating in the lunar environment. Full details of the operation of 
the SIDE can he founj in Freeman ft al. (1970). and Hills and Freeman (1971). 

3500 eV/q down to 10 eV/q.The lowest energy channels can be used as c check on the 
MA data. Each SIDE has a field of view 6° square centered on a direction 15° from 
the local vertical. The Apollo 12 SIDE look direction is toward the west and the 
Apollo 14 SIDE views toward the east. 

The efficacy of the SIDE system has been demonstrated by numerous observations 
of mass spectra associated with the LM rocket exhaust gases (freeman et al., 1972a), 
LM cabin venting (Hills and Freeman, 1971), and gas emission from theS-IVB and 
LM lunar impact events (Freeman et al., 1971). The exhaust gas spectrum obtained 
14 hours after the Apollo 12 LM landing exhibited a broad range of masses (Freeman 
el al., 1972b), in good agreement with the laboratory of measurements of Simoneit el al. 
(1969). As shown in Figure 2, two months later the exhaust gas ion intensities had de¬ 
creased generally by an order of magnitude, but the spectrum was still very broad and 
readily identifiable as due to exhaust gases. There were several changes in the spec¬ 
trum due to the operation of ionization, loss, dissociation, and recombination 
processes over the two months. Most striking was the disappearance of mass IK ions 
and the appearance of a significant quantity of muss 16 ions. These mass 16 ions 
presumably cume from the dissociation of the more massive molecules in the original 
spectrum; principally water vapor. For comparison, the maximum water vapor ion 
intensity observed by the Apollo 14 SIDE during (he Murch 7 event is indicated in 
Figure 2 (see next page). It is more than three orders of ata^nuuJe greater than the 
intensity observed by the Apollo 12 SIDE 14 h after lunar landing. 

2. Water Vapor Observations, March 7,1971 

The Apollo 14 MA data from the March 7 event ure shown in Figure 3. The time 
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Fig. 2. Observed decrease in exhaust ■as (luxes over a M day period. For comparison, the peak 
flux seen in (he March 7 water vapor event is shown. 


history of the events leads to s separation of the data into three parts. The mass 
spectra accumulated in each part are shown in the upper portion of the figure, 
together with the best fit to the observations, based on laboratory calibration data. In 
Part I, the accumulated spectrum can be fitted by a mixture of 85% mass 18 amu/q 
and 13% mass 16 amu/q while in Parts II and III the data is tilted well with 100% 
mass 18 amu/q. For Part I a fit including a percentage of muss 17 amu/q is also 
possible but presses the resolution of the experiment. This apparent change in the 
mass spectrum during the event is. /gestive of the injection of fresh gas and thereby 
a dynamic rather than a static event. 

The Apollo 14 TID recorded data consistent wi h that of the MA. showing sporadic 
bursts of low energy ions throughout the event. F'gure 4 shows two successive energy 
spectra obtained with the Tl O. The broad high energy speci rum at 250 -1000 eV is due 
to ions in the Earth's magnetosheath, and is not of interest in this event. The im- 
portant feature is the high mono-energetic flux of low-energy ions (70 eV in this 
spectrum). The narrow low-energy portion of the spectrum occurred at various 
energies, but usually was observed in only one channel at a time (at 30, 30, or 70 
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Fig. 3. Time hiflory of the Apollo 14 Max* Analyzer data for the March 7 water vapor event. 
Laboratory calibration* indicate that water vapor ions are recorded primarily in channel 5 of this 
instrument with channel 4 recording approximately 12?* a* many counts. Consequently, to show 
the principal feature* of the March 7 event, the total counts in adjacent channel* 4 and 5 at 48.6 cV 
are displayed in the lower portion of the figure. Ions were observed during the March 7 event only 
at the highest energy level. 48.6 cV, and not at the next lower level, 16.2 eV. Twenty-channel mas* 
spectra at 48.6 eV were obtained in 24* every 2.58 min. Inset* display the observed mas* spectra 
summed over each part of the event a* well a* a fit to the observations. One count in channel $ 
corresponds to a flux of H*0* of 1.2 ■ H>‘ ion* cm J * 1 *r 


eV/q). The two illustrated spectra indicate the sporadic nature of this flux. 

The SIDE MA at the Apollo 12 site 183 km to the west (see Figure I) was quite 
noisy at the time, so no usable mass spectra were obtained. There was, however, good 
correlation between the TID responses of the two instruments during the event. Both 
instruments detected significant fluxes starting at 0300 0400 UT on March 7. The 
Apollo 14 SIDE was turned oil at 2100 UT on March 7. according to its scheduled 
cycle for thermal control. The Apollo 12 SIDE continued to detect ions until the end 
of the event at **0400 UT on March 8. The time history of the TID data is indicated 
in Figure 5. The ion energies observed at the Apollo 12 site during Pari I of the event 
were higher than those at Apollo 14, being generally in the 100 eV/q and 250 cV/q 
channels, whereas the energies at Apollo 14 were in the range 50 cV/q to 100 eV/q. 
During Part II of the event the energies observed by the Apollo 12 Til) decreased to a 
level matching those observed at the Apollo 14 site. Again we sec the suggestion of a 
dynamic rather than a static event. Fluxes observed by the Apollo 12 TID were 
typically 1-5 x I0 5 ions cm” 2 s' 1 sT 1 . while the Apollo 14 TID detected typical 
fluxes of 4-10 x I0 5 ions cm"* s" 1 sr~'. Peak fluxes for each instrument were gener* 
ally about S times greater than these typical fluxes. 
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Fig. 4. Total Ion Detector data from the Apollo 14 SIDE for two wotaiM spectra during the 
Modi) event. The width of an energy channel it appro»imatciy 10*^ FWHM. The pe»k at 70 eV 
conetpondt to the water vapor iont teen in the mam analyzer. The brood tpcctrom peaking near 
300*V it that of magnetothealh ion* and occur* Ind e pende n tly of the water vapor ion*. 


Simultaneous with the SIDE observations, ions were also detected by the Charged 
Particle Lunar Environment Experiment (CPLEE). The CPLEF, has two charged 
particle analyzers, one of which looks in a vertical direction and the other 60 west 
of vertical. The low energy (60-300 eV/q) detectors of both analyzers recorded an 
apparently isotropic flux of ions between '■0400 UT, March 7 and "0900 LIT, 
March S with maximum fluxes between 1200 UT and 1600 UT on March 7 (F. Rich 
and D. Reasoner, private communication). Fluxes of such low energy ions are not 
normally detected by CPLEE in this portion of the lui*. orbit due to the high 
threshold of the low energy ion channels and large ang'c between the magnetosbeatb 
flow direction and instrument look direction. A complete analysis of the CPLEE data 
and calculations of the total flux have not yet been made. 
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3. Comparison with Electric Field Data 

In an attempt to determine whether the sporadic nature of the March 7 event was due 
to either an intermittent source or simply a variability in observing conditions, the ion 
data have been compared with simultaneous data concerning the intei planetary 
electric field. The interplanetary electric field E is related to the solar wind velocity V and 
magnetic field B by the expression E= -V xB. It has been shown (Manka et at., 
1972; Manka, 1972) that this electric field can be an important acceleration mecha¬ 
nism for ions produced in the lunar exosphere.The interplanetary electric field under¬ 
goes rapid temporal fluctuations in both magnitude and direction. Consequently, 
temporal variations in the ion observations could be a result of changes in the solar 
wind parameters rather than changes in the source of the ions. 

The solar wind data, the MA data, and the TID data are shown in Figure 5. The 
solar wind magnetic field data was measured by Explorer 3S in lunar orbit and was 
generously supplied by Dr David Colburn. The solar wind velocity as recorded by 
the Apollo 14 Solar Wind Spectrometer varied between 275 and 340 km s -1 during 
the March 7 event (Conway Snyder, private communication). Since only the magni- 



♦0* 

PART I 

^PART D PART U 

z >° 

3 10* 

o 

,ii ii.jUi | ,ili , , i 

APOLLO 14 MA L It 

.i,.. .JLl-j. 


APOLLO 12 TID 

, . ,n, ,—.-Q 

APOLLO 14 TID 

E~l-,-.EIZLC3— 

r—i—i-1—i « r—i-»—i t—r—i — < -r* —i—r r -t 

0400 oaoc 1200 1600 2000 

GREENWICH MEAN TIME MARCH 7.1971 

Fig, 5. Comparison of SIDE data and the interplanetary electric field on March 7, 1971. The 
electric field is derived from I min 22 s averages of the magnetic field measured by Explorer 35 
in lunar orbit. The time delay between field fluctuations measured in lunar orbit and at the lunar 
surface Is estimated to be less than one minute. Gaps in the electric field data result from unavail* 
ability of magnetometer data during these times. The three components of the electric field are given 
in the local coordinate system at the Apollo 14 site. A negative vertical electric field would accelerate 
positive ions towards the lunar surface. The MA data h the same as that shown in Figure 3. Periods 
when significant low-energy ion fluxes were observed in the Apollo 12 and 14 SIDEs are indicated. 
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tude of the electric tie d and not its direction is related to the solar wind speed, a 
uniform speed of 300 km s' 1 has been assumed in computing the electric held compo¬ 
nents. 

In the simplest model of ion acceleration by the interplanetary electric field, the 
field orientation most favorable for ion detection would be one in which the field is 
pointed directly into the instrument look angle. This requires a negative vertical 
component and a zero (or small) northward component. 

From the data comparison we see that there is som« positive correlation between 
the ion data and the interplanetary electric field vector. In particular, the large vertical 
field near 1200 UT corresponds very well with the large ion flux (Part II) observed at 
that time. Also, some of the sporadic ion activity in Part I correlates with times of 
favorable electric field orientation. However, there are periods from 1200 to 1600 UT 
when the field was favorable for acceleration of ions into the detectors, but no ions 
were detected. Also, ions were observed in the Apollo 12 instruments during the period 
following 1700 UT when the electric field was oriented so as to accelerate ions away 
from the lunar surface. This is true for all of Part III of the event for which data is 
available. A lack of simple correlation with the interplanetary electric field is further 
indicated by the fact that the observed ions were nearly monoenergetic, while accelera¬ 
tion of ions in an exponential atmosphere by a uniform electric field would result in a 
broader energy distribution (Manka, 1972). Thus, the features of the ion observations 
for this event are not completely determined by the interplanetary electric field vector. 
Numerous other examples exist in the SIDE data where the surface gas pressure is 
enhanced and massive ions are seen regardless of a favorable or unfavorable inter¬ 
planetary electric field (Freeman et al ., 1972a). Until the acceleration mechanism 
operating in the lunar environment at that time is well understood, we will be unable 
to determine whether the sporadic nature of the March 7 event is due to the source or 
the acceleration mechanism. 

Mass separation of ions may occur in the local surface magnetic fields, resulting m 
the apparent mass purity of an event, while in fact a mixture of ions is present. How¬ 
ever, a preliminary estimate of such effects indicates that it would be difficult to pro¬ 
duce a significant mass separation. Moreover, in light of the large fluctuations in the 
interplanetary electric field, it would be extremely difficult to maintain any mass 
separation for the duration of the March 7 event. 

4. Quantity of Water 

It is of course desirable to have some estimate of the total quantity of water represented 
in this event. The SIDE is an ion detector and determination of the quantity of neutral 
gas piescnl requires certain assumptions. A lack of knowledge of the location and 
extent of the source and the details of the ionization and acceleration mechanisms 
precludes u precise quantitative determination. However, we have looked for a 
similar event where the quantity of gas released is known in order to ‘calibrate* the 
water vapor event. In general, Apollo mission activities have resulted in counting 
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rates far lower than those seen on March 7. For example, the Apollo 12 LM exhaust 
introduced approximately 2000 kg of water into the lunar environment, yet when 
observed 14 h after landing resulted in an ion flux that was less than one thousandth 
the peak flux seen on March 7. 

The only event that yielded MA counting rates as high as those during the March 7 
event was the detection of the Apollo 14 LM ascent engine exhaust gases by the 
Apollo 12 SIDE (Hills and Freeman, 1971). The Apollo 14 SIDE was not operating 
at that time. The maximum counting rates for this event in both the TID and MA 
were within a factor of 2 of those for the March 7 event and the ion energies were 
comparable. However, the ion flux duration was only 2 min compared to some 14 h 
(intermittent) for the March 7 event. Ions were recorded starting I minute after the 
LM had passed by the minimum slant range of 27 km at an altitude of approximately 
15 km. The total gas released by the LM was approximately 2200 kg (of which 
^*500 kg was water) at a constant emission rate of 5.2 kg s~* (I.I kg s' 1 of H 2 0). 
Therefore, if we assume equivalent ion accelerating conditions for the two events and 
if the water vapor source was no closer than 27 km we conclude that at least 500 kg 
of water was involved in the March 7 event. Alternatively, if an emission rate of I kgs" 1 
of H 2 0 was maintained on March 7 for a period of 14 h, a total water emission of the 
order of I0 4 kg is implied. The source characteristics and accelerating conditions (in¬ 
cluding ion trajectories) may be greatly different in the two events. Consequently, this 
estimate of the source strength may be in error. However, given a non-local source, as 
discussed below, these quantities serve as reasonable preliminary estimates. 

5. The Apollo Lunar Module ms a Possible Source 

The mass spectra of LM exhaust shown in Figure 2 indicate that the exhaust spectrum 
is readily identifiable by its broad mass range, and doe* not resemble the spectrum ob¬ 
tained in the March 7 event. This fact, together with the unprecedented intensity of 
the latter event, indicates that the March 7 event was not due to LM exhaust gases. 
Separation of the H 2 0 in the LM exhaust from the other exhaust components could 
conceivably result from selective adsorption of the water onto the lunar surface 
followed by selective emission. However, such a mechanism, which cnuUJ explain the 
purity of the event, fails to account for the more than three orders ot magnitude in¬ 
crease between the H 2 0 fluxes measured 14 h after the LM exhaust release and those 
seen on March 7, one month after the Apollo 14 mission. 

1 lie maximum flux of Water vapor ions observed at the Apollo 14 SIDE during this 
event was approximate:., 10" ions cm ~ 2 sr“\ For comparison, when the LM 
cabin was vented during the Apollo 14 mission prior to the 2nd EVA, the SIDE ob¬ 
served a short-li\ed (approximately one minute) flux of 4 x I0 5 ions cm 1 s ' 1 sr“* at 
50 1 \ At the same time the ALSEP Cold Cathode Gauge Experiment (CCGE) mea¬ 
sured a high nculiul gas pressure (Johnson et qL % 1971). This is important, for it 
establishes that the CCGE would have seen a large neutral gas pressure rise if enough 
gas were liberated locally to cause the high counting rate seen by the SIDE on March 
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7. There was no such increase (Johnson et qL % 1972) therefore the source must have 
been further away than the LM or the other debris left on the surface nearby. A gas 
source at a great distance could lead to the production of ions which subsequently 
reach the SIDE, while the neutral gas density at the instrument might never be high 
enough to be observed by the CCGE. The simultaneous observation of the event by 
the Apollo 12 SIDE further implies a distant or wide-spread source. 

6. The Apollo CSM as a Possible Source 

The 43 kg of waste water, mostly excess H 2 0 from the fuel cells, (C. Staresinich, 
private communication) dumped from the Apollo 14 Command/Service Module 
(CSM) in lunar orbit one month earlier has been suggested as a possible source 
(F. El-Baz, private communication; Page, 1972). An attractive feature of such a 
source is the presumed narrow altitude distribution of gas, resulting in a narrow 
energy spectrum after acceleration through an electric field. However, we note that a 
narrow altitude distribution is not a prerequisite for the narrow energy spectrum 
observed, since a narrow energy spectrum seems to be a general feature of heavy mass 
ion events regardless of the source . For example, narrow energy spectra of approxi¬ 
mately 50 eV energy have been observed during the Apollo 14 cabin vent (Hills and 
Freeman, 1971), in association with Apollo 12 LM exhaust (Freeman etui , 1970),and 
also at times when the source is less obvious (Freeman et ai , 1972b). Furthermore, as 
shown in Figure 5, the interplanetary electric field strength was ~3V km~* at 1200 
GMT on March 7. Thus, if the observed 50-70 eV water vapor ions seen at that time 
resulted from simple vertical acceleration, they were produced at an altitude of 15-25 
km. This is much lower than the 100 km orbit of the CSM. 

Most of the water dumped from the CSM will freeze promptly and then rapidly 
vaporize by sublimation. Sharma and Buffalano (1971) estimate the e-folding lifetime 
of the ice crystals to be less than 30 h. Exposure of this water vapor to the solar 
ultraviolet and the solar wind particles results in the production of H 2 0* ions as well 
as the dissociation of H 2 0 into H and OH. Later the production of OH \ and finally 
that of O 4 , will dominate as further dissociation and ionization takes place and as ihe 
quantity of H 2 0 becomes depleted. Figure 6 show: the calculated rates of production 
for these ions as a function of ultraviolet exposure time. If the event of March 7 were 
due to water ejected from the Apollo 14 CSM a month earlier, then ions of masses 16 
and 17 would be more abundantly produced than ions of mass 18, contrary to obser¬ 
vation. In fact, in Part I of the event there is an indication of mass 16 and possibly 
mass 17 ions, but only a small amount. The later parts of the event showed only mass 
18 ions. As was noted eaHier, this change of spectium is suggestive of a possible 
injection of fresh gas during the event. 

The ion flux expected at the SIDE due to the CSM water dump can be estimated as 
simply the total number of 50 eV ions formed in one second in me cm 2 column over 
the detector. If all of the ice had become vapor within a few days, dissociation and 
ionization by solar UV at a rate of I0~ 5 (Werner et ai , 1964) would reduce the 
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Fig. 6. Production rales of ions resulting from exposure of water to solar ultraviolet at the Moon. 
These curves arc obtained from solution of the differential equations describing the depicted reaction 
chain. Production rates are normalized to the initial number of HtO molecules; the change in 
production rate is due to the change in composition. The appropriate reaction rates were obtained 
from Hintcrcggcr (I960). Werner et at. (1967), and Mukherjee and Siscoe (1973). 

initial 43 kg of water to about 4 x I0 >s molecules of H 2 0. Also, since the counting 
rates in Part I of the ion event were present for longer than the 2-h orbital period of the 
CSM, then if the source gas was in orbit it must have been dispersed relatively uni* 
formly throughout the orbital path. (After one month the gas cloud would be expected 
to be widely dispersed since the molecular sublimation velocity is about 4 of the initial 
orbital velocity.) In this case the average volume rate of H 2 O f production is simply 
the number of neutral molecules times the ion production rate (Mukherjee and Siscoe, 
1973) divided by the volume over which the original gas has become dispersed. A 
conservative estimate of this volume is 4 x 10“ km 3 , obtained by assuming dispersal 
over 100 ktn in altitude along the initial orbit and 10 in latitude transverse to the 
orbit. Finally, integration over the narrow altitude range I km) in which the ob¬ 
served ions originate results in an upper limit on the dux measured by the SIDE of 
4 x 10 8 ions cm' 2 s Sr" 1 much less than the observed peak flux of I0 8 cm" 2 s' 1 
sr *. 

F. El-B;u (private communication; Page, 1972) has suggested that the ice cloud 
remained intact for one month and then impacted the Moon due to orbital decay. We 
know. of no way to inhibit sublimation for one month. However, even if we assume 
the worst case where dissociation and ionization do not begin until just at the time of 
observation (implying ~!0 27 HjO mole present), we obtain a dux of only 2x|0 4 
ions cm 2 s' 1 sr" 1 . This is also an upper limit to the OH* or O* flux at any time. 
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Orbital decay is an additional mechanism for H 2 0 loss and would reduce the estimated 
ion fluxes, diminishing even further the possibility of the CSM being the source of the 
observations. Water molecules that impact the surface are equivalent to a surface 
source and can be ruled out as a possible source due to the small quantities involved. 

We conclude that the CSM waste water dump is unlikely to be the source because it 
has been shown to lead to a counting rate much smaller than observed, and because 
consideration of the observation of the Apollo 14 LM ascent indicates a much greater 
quantity of water as the source. Also the appeal of the CSM as a source is diminished 
when it is recognized that a narrow altitude distribution for the gas is not required. 
Furthermore, the time history of the event suggests an impulsive injection of fresh gas 
during the event, long after the CSM has left the Moon. 


7. The Lunokhod as a Possible Source 

It has been brought to our attention (K. P. Florensky, private communication) that 
the Russian Lunokhod research vehicle (located approximately 1400 km from 
Apollo 14) occasionally vents *a few liters’ of water from its cooling system. 

After a quantity of water vapor N Q is released from the Lunokhod it will diffuse 
outward from the landing site. The water molecules move along ballistic trajectories 
in the lunar exosphere, traveling a distance L of -300 km in a time x of -600s. 
between contact with the surface. This diffusing cloud of water vapor will expand to a 
radius R of 1400 km in a time equal to R 2 x/L 2 ^4 h (cf. Hall, 1973). An upper limit to 
the height-integrated density (mole cm' 1 ) at a distance R of 1400 km is given by 
NolnR 2 = 1.6 x 10‘X. This value is an upper limit since in such a diffusion process, 

| the columnar density is always greater the nearer to the source point (Hall, 1973). 

| ( ) This upper limit equals 5 x 10* mole H 2 0 cm -2 for each liter of H 2 0 released and is 

“ a factor I0 J smaller than the columnar density of the ambient lunar exosphere 

(Johnson, 1971). It would result in a count rate for the SI DF MAof - 0.02 counts s" 1 . 
Thus, the Lunokhod ventings are not sufficiency largo enough to account for the 
i March 7 event. 
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8. Comets and the Solar Wind as Possible Sources 

Having considered all artificial sources we will now evaluate two natural source* 
which ure exogenous to the Moon: comets and the solar wind. 

An impact of a comet or comctary debris could be a source of water vapor in 
localized areas of the Moon. The impact of a solid comet of a mass of a thousand 
kilograms (the approximate mass of water inferred for this event) on March 7, can 
be firmly ruled out by the lack of any seismic activity characteristic of such an impact. 
Furthermore, March 7 is neither a date of known meteor showers nor a date when the 
Barth- Moon system is near known old comet orbits (Thornton Page, private commu¬ 
nication). Also, comets and comet remnants contain significant quantities of other 
materials, such as CO } , which were not detected during the March 7 event. Conse- 
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quently, it appears unlikely that a comet or cometary remnant could he the source of 
the observed water. 

Interactions between the solar wind and the lunar material as a source of water at 
the lunar surface was suggested by Michel (1964). The details of such a production 
mechanism have been evaluated by Mukherjee and Siscoe (1973) who concluded that 
the maximum density of the solar wind-produced H 2 0 near the lunar surface would 
be about 6 x 10“ J cm \ a factor of I0 7 smaller than the ambient lunar exospheric 
density (Johnson, 1971). Thus, the solar wind is an insufficient source for the March 7 
observations. 

9. The Moon as a Possible Source 

Examination of the lunar samples has indicated them to be remarkably devoid of 
water (Lunar Sample Preliminary Examination Team, 1969, 1970). However, at 
least one hydrated mineral has been found in the Apollo 14 surface samples (Agrell 
et ai , 1972). Further, preliminary analysis of the Apollo 16 soil samples from the 
Descartes region indicates large amounts of hydrated minerals (Gregory, 1972). It 
has been suggested that a comet impact may have been responsible for the Apollo 16 
results. However, Williams and Gibson (1972' have raised some questions regarding 
the chemical feasibility of such a process. 

The high orders of hydrogen and oxygen in the cosmic and solar abundances of the 
elements lead to the expectation of water as a common constituent of the planets. 
Possible exceptions would occur if extremely efficient defluidization or loss processes 
have been operable (see Green, 1964 for a review of defluidization processes on the 
Moon) or if the Moon accreted inhomogeneously as an original satellite of the Earth 
(Anders, 1970). 

There have been numerous suggestions of subsurface water on the Moon, trapped 
below an ice layer beneath ihe lunar surface (Gold, I960; Green, 1964; Schubert et «/., 
1970) and liberated occasionally by the flexing or fracture of the lunar crust. The 
so-called Lunar Transient Phenomena have been shown (Moore, 1971) to occur with 
a preference for times near lunar perigee passage and at likely positions for crustal 
stress. There were seismic signals (‘swarms’, not due to impact events) observed by 
the Passive Seismic Experiment during this event (G. L'tthunt, private communica¬ 
tion), yWiough such seismic signals have been observed many times without simulta¬ 
neous observations ol high ion ’^tensities. Thus there may be no meaningful relation 
between the seismic signals and the water vapor event However, thcie is a possibility 
that such seismic signals arc linked to a release of gas, but that the probability for 
the gas to be eventually detected as ions by the SIDE is quite low. If the acceleration 
of the ions occurs as illustrated in Figure I and discussed by Manka and Michel 
(1970), then the SIDE can detect the ions only when the interplanetary electric field 
points approximately untiparallel to the local vertical. This can occur only within a 
few days of sunrise and sunset and when the interplanetary magnetic field points 
nearly normal to the ecliptic plane. The magnetic field can be expected to have the 
correct direction less than 2% of the time (Burlaga and Ness, 1968). In addition, the 
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gas source must be large enough and near enough to produce observable fluxes of 
ions. Thus the probability that a random venting of gas will result in ions observed 
by the SIDE is quite low if the solar wind electric field is the only acceleration me¬ 
chanism. 

We emphasize that the March 7 event was an intense event of extended duration 
and we have not yet seen another event like it. The question of lunar venting vs. 
artificial sources would be more unambiguously resolved if another event similar to 
that of March 7 were found displaced further in time from an Apollo mission. Al¬ 
though there exist a few other events which may be attributable to transients in the 
lunar atmosphere, none of these has yet been found to include water vapor as a 
constituent. Since water vapor is the subject of this paper, these will be discussed in 
a future report. 

10. Conclusions 

None of the suggested artificial sources for the observed water ions appears to us to 
be capable of producing the observed ion fluxes. Tabic I iists the prominent source 
candidates and the objections to each. Therefore, we conclude that the only possible 
source is a natural source endogenous to the Moon. 

TABLE I 


Source Difficulties 

1. event duration and intensity 

2. simultaneous observation at 2 sites 

3. not observed by CCGE 

1. event intensity 

2. exhaust spectrum maintains identity for at least 58 days, with H*0 
dissociation 

3. time history suggests impulsive injection of fresh gas during event 

1. event intensity und duration 

2. interplanetary electric field stiength implies source altitude lower 
than CSM orbit 

3. narrow altitude distribution not required in order to explain observed 
narrow energy spectrum 

4. time history suggests injection of Iresh gas during event 
I. event intensity 

1. no known cometary impact or cometary remnant 

2. event purity 
I. event intensity 

. ???? 
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Solar Cosmic Ray ‘Square Wave’ of August 1972 
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Three Rice University suprathermal ion detector experiments (Sides) were deployed on the lunar 
surface during the Apollo 12, 14, and 15 missions. During the exceptional period of solar activity in 
August 1972, penetrating particles were observed by all Side detectors on the night side of the moon. The 
penetrating particles are tentatively identified as solar protons with energies (-25 McV or greater) that 
were able to penetrate the shielding of all detectors. Of particular interest is the occurrence on August 5 of 
‘square wsw‘ (Ihy enhancement of 2-hour duration. Data from a variety of ground-based and space ex¬ 
periments are examined in relation to the square wave. BasctToiTtfie resultToT this investigation a mode! 
relating the square wave to the flare plasma propagation is proposed. This model hypothesizes transport 
of energetic particles along a ‘corridor’ formed by the tangential discontinuity produced by the driver gas 
of a flare-induced shock wave. This mode) could explain other frequently observed delayed particle 
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Introduction 

Early in August 1972 there occurred a series of impressive 
solar flares. The flares observed during this time were 
associated with some of the largest emissions of energetic par¬ 
ticles ever recorded [ McKinnon , 1972; World Data Center A, 
1973}. Photospheric magnetograms indicated strong held ac¬ 
tivity during this period ( Livingston, 1972]. Interplanetary 
space was disturbed with drastic changes in the solar wind 
[Wolfe et at ., 1972; Armstrong et al., 1972; Rosenbauer et al, 
1972; Medrano et at., 1973a] and in the interplanetary 
magnetic field | Colburn et al., 1972; Smith et al., 1972]. 

In this paper we present the analysis and results of the data 
taken by the Rice University suprathermal ion detector ex¬ 
periments (Sides) pertaining to one particular penetrating par¬ 
ticle feature of the August event. The Sides were deployed on 
the lunar surface by the astronauts of Apollo 12, 14, and 15 
and continuously transmit data to earth on the plasma en¬ 
vironment of the moon. Since the Sides were not intended as 
solar cosmic ray detectors, the information provided by the in¬ 
struments in this event is necessarily crude; however, the 
significance of the results to be discussed is lot diminished. 

Cosmic Ray Response of the Sides 

Each Side instrument consists of two detectors, a mass 
analyzer (MA) and a total ion detector (T1D). Together these 
measure the differential fluxes of positive ions in the energy 
range 0.2-3500 eV per unit charge. The sensors for these 
detectors are funnel-type channel electron multipliers manu¬ 
factured by the Bendix Corporation. The channel electron 
multipliers have their entrance apertures biased at -3500 V 
and hence can collect, accelerate, and count low-energy ions 
generated in or near the input funnel by penetrating radiation 
traversing the instrument side wg’ls. The detectors thus become 
crude cosmic ray monitors. Fuufter details of the Side design 
arc given by Freeman et al. [1972] or Hills and Freeman [ 1971 J, 
The Sides deployed at the three Apollo sites (12,14, and 15)arc 
essentially identical. 

1 Now at Instituto de Pesquitat Etpaciais, 12200 Sio Job* dot 
Campos, Sfto Paulo, Brasil. 

4 Permanent address: Physics Department, University of Celgary, 
Alberta, Canada. 
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The shielding in the detector side walls is a complicated 
function of direction, since the absorbing material consists of 
electronic components, encapsulation material, thermal paint, 
etc. Accordingly, we have calculated the minimum energy that 
protons must have to penetrate to the sensor. We find that ap¬ 
proximately 25-McV protons arc able to penetrate to the MA 
and 50-MeV protons to the TID. The equivalent numbers for 
electrons arc !.4 and 4.7 McV, respectively. 

To check these calculations, we placed a spare Side instru¬ 
ment in a cyclotron proton beam of 50-McV maximum energy. 
The results indicated these to be good working numbers to 
within 50%. The cyclotron beam could not be used for ab¬ 
solute efficiency calibrations because of the short duration of 
the cyclotron beam pulse. 

As a further independent check on the energy thresholds of 
the MA and TID detectors we have compared data on solar 
particle decay times with results from the proton detector 
aboard the Imp 5 and Imp 6 spacecraft [Kohl et al., 1973]. 
These results indicate thresholds of 32 ± 7 McV and 73.5 ± 17 
McV for the MA and TID, respectively. 

The area of the channel electron multiplier funnel is ap¬ 
proximately 0.5 cm*. At 100% efficiency this yields an om¬ 
nidirectional geometric factor G, of 0.5 cm 1 . The quiet night¬ 
time background count rate of four of the six sensors is usually 
about 0.5 c/s or less. This is consistent with the calculated G. 
and with most of the backgiound being due to galactic cosmic 
rays. 

During a separate solar cosmic ray event we compared the 
background count rate registered by the Side detectors with 
the omnidirectional solar proton flux measured by the ATS i 
spacecraft. In this case we found G* * 1.2 ± 0.8 cm*. There are 
two reasons to suspect that this G, is too high. First, the ATS I 
detector provided no information on protons above 70 MeV, 
and second, the investigators have reported the possibility of 
senior degradation in the ATS I detectors [WorldData Center 
A, 1972]. 

A more careful analysis of the galactic cosmic ray flux using 
the differential energy spectra of several investigators 
[Comstock et el. , 1972] compared with the long time average of 
the Side detector backgrounds taken on the night side of the 
moon gives the result G« « 0.3 cm 1 . We favor this result and 
believe it to be applicable to the August 1972 event to within a 
few factors of 2. 

Figure I shows the location of the moon at the time of local 
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sunsets of Apollo 12, 14, and 15. The data reported in this paper 
were obtained between the two positions where the detector look 
directions are indicated. The geomagnetic cavity is shown for refer¬ 
ence, and the positions of the Imp 5 and Heos 2 spacecraft on 
August 5 arc indicated by 15 and H2, respectively. 

sunset at the Apollo 12, 14, and 15 sites early in August 1972. 
Table I gives the times of local sunset and the angular dis¬ 
tances past the sunset terminator for each of the sites. It is seen 
that all three sites are well onto the night side of the moon by 
0400 UT on August 5. The Apollo 12 and 14 sites are 138 km 
apart and in global terms can be considered to be at the same 
location. Apollo 15 is 1100 km away. 

Side Observations 

The complete results of the Side experiments during the 
August 1972 solar events have been reported by Medrano et al. 
[1973o, 19736). For review, we will here summarize the 
penetrating particle results shown in Figures 2 and 3. 

Starting at 0730 UT on August 4, 1972, the background 
count rates of each detector in all three Sides increased abrupt¬ 
ly. The count rates remained elevated for approximately 3 days 
and passed through a maximum some 6-14 hours after the 
onset The maximum counting rate exceeded by three orders of 
magnitude the background associated with galactic cosmic 
rays. This burst of solar cosmic rays is attributed to the class 
3B flare which began at 0520 UT on August 4 [World Data 
Center A, 1972). The transit time for the initial flare particles is 
then 2 hours and 10 min. 

A second similar abrupt increase was seen on August 7 at 
1547 UT. This enhancement wit 2 orders of magnitude less in¬ 
tense and lasted only 2 days. The flare associated with this 
burst was the 3B flare that began at 1445 UT, indicating a tran¬ 
sit time of I hour and 2 min. 

The purpose of this paper is not to discuss these general 
enhancement: but rather a most interesting feature of these 
penetrating particle events, a "square wave* flux enhancement 
that started at 0310 UT and ended at 0459 UT on August 5. 
This feature is shown in detail in Figure 4. The rise and faii 
times for this square wave were both about 8.5 min. It was 
preceded by a precursor spike at 0259 lasting only 7 min. There 
is no flare feature reported that can be directly associated with 
this interesting event. The flux enhancement indicated is about 
one order of magnitude above the decreasing penetrating par- 
tide flux from the first 3B flare. 


Related Square Wave Observations 

The square wave under discussion was seen by experiments 
aboard several spacecraft neai the earth: the Imp 5 and Imp 6 
[Kohl and Bostrom, 1972; Bostrom, 1973; Lanzerotti and 
Madennan, 1973] and the ATS spacecraft [Paulikas et al., 
1972). Another particle experiment on the lunar surface also 
recorded the square wave [Moore et al., 1973). Pioneer 9 and 
10 did not sec it; however, they were located at 46°£ from the 
earth-sun line at 0.8 and 2.2 AU, respectively [Lezniak and 
Webber, 1972; Webber et al. 1972). 

Among the experiments that saw the square wave there was 
generally good time correlation when transit and diffusion 
times are taken into consideration. A puzzling exception is the 
slightly early end to the square wave at the moon compared 
with Imp 5 data (C. Bostrom, private communication 1973). 

Interplanetary magnetic field data from Heos 2 (P. 
Hedgecock, private communication) and Explorer 41 
[Venkatesan et al, 1975] indicate a significant change in the 
field vector during the passage of the square wave. The field 
was roughly radially outward both before and after but 
changed polarity to radially inward during passage. Also there 
existed a strong component north of the ecliptic before and 
after This disappeared during passage [ Bostrom, 1973). 

During the first days of August 1972, ground-based neutron 
monitors recorded large variations in the cosmic ray intensity. 
Figure 5 illustrates hourly data from several stations. During 
the early morning of August 5 the neutron monitors observed 
a transient feature similar in appearance to the square wave 
recorded by lower-energy detectors in space. Figure 6 il- 
lusttates the detailed features of this transient increase as 
recorded by the Sulphur Mountain neutron monitor. This 
enhancement was due to relativistic particles of solar origin or 
galactic origin or particles accelerated in the interplanetary 
medium. A galactic origin is indicated by the following 
evidence: 

1. The ratios of the amplitudes of this transient feature 
from pairs of nearly adjacent neutron monitors at differing 
altitudes (e g.. Sulphur Mountain and Calgary, McMurdo, 
and South Pole) are close to those recorded during short-term 
modulations of the galactic intensity rather than during solar 
particle events. 

2. Equatorial stations responded to this transient, whereas 
solar particle events are generally apparent only at polar 
stations (e g., the solar particle event on the preceding day). 

3. The spectrum of the transient increase derived from 
data from underground detectors is estimated to vary as about 
£"*[Sekido et al., 1973] and was seen underground at 20 m 
water equivalent (i.e., t » 70-100 GtV) [Filippov et al, 1973). 


TABLE 1. Deployment Characteristics of Alsep-Sides on Apollo 
12, 14, and 15 and Angular Distances From the Terminator at 
the Time of the Solar Cosmic Ray Square Wave 



Apollo 12 

Apollo 14 

Apollo IS 

Time of local sunset 
Hour 

054A UT 

1706 UT 

233S UT 

Date 

Aug. 4 

Aug. 3 

Aug. 1 

selenographic 

coordinates 

Latitude 

3»2*S 

3.7*5 

26.01*W 

Longitude 

23,4*W 

17.5*W 

3.6 # | 

Angular distance past 

U.9* 

17.6* 

36.0* 

the sunset termi¬ 
nator at 0400 ITT 
Aug. S 
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Fig 2 Time history of the penetrating particle event fcvery row of blocks displays 3 days of data from 
each Apollo expenment. The counts per second, plotted on a logarithmic Kale, very nearly repreiOTt ^ao the 
omnidirectional flux in particles cm • s • MA and TID represent protons with energies of *25 Me\ and *50 MeV. 
respectively. 


In contrast, the preceding solar particle event on August 4 had 
a spectrum with an exponent between -5 and -6 [Pomtrann 
and Duggal. 1973]. 

The transient increase in the neutron monitor variations 
therefore appears to manifest features which are typical of a 
short-tenm modulation of the galactic intensity. A solar origin 
for this enhancement at the energies responsible for neutron 
monitor variations has been rejected by other workers (e g , 
Pomeramx and Duggal. 1974; Agrawal el at.. 1974], 


Discussion of the Results 

The solar activity of the first half of August 1972 consisted 
of at least four major solar flares as observed in the Ly a line. 
All four flares were produced by the same region of activity 
(McMath plage region 11976). The first flare (of importance 
IB) started at 0316 UT on August 2. and it took place at 13*N 
and 35*E on the sun. It generated a shock wave which was 
probably registered by Pioneer 9 between 1100 and 1500 UT 



HOURS (UT) 

Fig. 3. Time history of thi penetrating particle event See Figure 2 legend for details. 
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Fig 4 Squire wave enhancement ai seen by the TID of the 
Apollo 14 Side on August 5, 1972. A nearly identical square wave 
structure was seen by the other Side detectors. The counting rate 
very nearly represents the omnidirectional flux in particles cm’* s~ 1 of 
protons of 250 MeV. 

on August 3 and produced an sc on earth at 0119 UT on 
August 4 (see Figure 7). Pioneer 9, which was at 46*E and at 
0.8 AU, observed a significant enhancement in the proton flux¬ 
es between 0730 and 1200 UT on August 2. Detectors on 
board Imp 5 and Imp 6 noticed a gradual increase in their 
lowest energy (> 10 MeV) threshold detector at 0945 UT 
[Kohl et ol .. 1973). 

A second flare (of importance 2B) produced another shock 
wave which probably was overtaking the previous shock when 
it passed the earth. The mean speed of the shock at 0.8 AU 
derived directly from the transit time is 1740 km/s. The bulk 
speeds measured by Pioneer 9 at 1100 and 1500 UT were 350 
and 585 km/s, respectively. If these values were representative 
of the preshock and postshock conditions and if we assume a 
jump in the number density by a factor of 10 (a reasonable 
assumption for strong shocks), we can make an estimate of the 
possible shock speed. In the stationary reference frame of the 
propagating shock, mass conservation requires 

*i(F, - V) - n*V t - U) 

where a lt v \ and V % are the number density and speed of the 
solar wind on both sides of the shock front and V is the shock 
speed for a radial propagation. Under the assumptions men¬ 
tioned above we estimate V » 610 km/s, which is lower than 
that derived from the mean Uansit time. Using adjacent ex¬ 
treme values (F, ■ 730 km/s, F» - 290 km/s), we f.nd an up¬ 
per limit V * 780 km/s. This implies a shock deceleration by 
the ambient plasma, as is currently accepted [Gosling et al.. 
1968). If the shock deceleration from 0.8 *o I AU were not im¬ 
portant (the energy density of the solar wind decreases as 1/r 1 
as one goes out from the sun), the shock would propagate to 
the earth's orbit in approximately 10 hours. However, the time 
between the first measured jump in the wind speed by Pioneer 
9 and the sc on earth was more than 12 hours. This simple 
calculation gives us an idea of the nonsphertcal propagation of 
this shock. 

Solar proton events apparently were not exceptionally im¬ 
portant during these first two flares, at least not at the earth's 
position. 

The flare of August 4 at 0S~0 UT produced one of the 



strong' plasma and solar cosmic ray events ever recorded. 
The Rare was located at 14°N and 09°E on the sun. The 
observed onset of the solar protons corresponding to this Rare 
was between 0400 *nd 0800 UT in Pioneer 9 and at around 
0730 UT in the Alsep-Sides, Alsep-CPLEE, and the Imp 5 and 
Imp 6 experiments. Since the location of the Rare was slightly 
to the east of the sun's central meridian, these protons might 
have reached the detectors by diffusion processes. The snock 
wave originated by this flare was presumably observed by 
Pioneer 9 between 2000 and 2400 UT on the same day of the 
Rare. The Heos 2 magnetometer and ground-based magnetom¬ 
eters recorded a jump in the interplanetary magnetic Reid vec¬ 
tor at about 2100 UT. The transit time of this shock implies a 
very high mean speed of propagation (2410 km/s) which is not 
commonly observed [Hundhausen, 1970]. About 6 hours later 
(at 0230 UT on August 5) Heos 2 measured a significant 
change in the magnetic field magnitude and direction. After a 
short delay the solar proton fluxes at the moon increased 
sharply and stayed almost constant for about 2 hours and then 
decreased suddenly down to the level of the normal decay (see 
Figures 2 and 3). The time interval between the observations of 
the magnetic field discontinuity by Heos 2 and the onset of 
solar proton fluxes detected by the Side instruments was 30 
min. This is only a short time (less than 3 min) longer than the 
time a corotating region in space would take to reach the 
moon's position starting at the Heos 2 satellite's relative posi¬ 
tion. (The moon's instantaneous position can be visualized in 
Figure I, and the Heos 2 was at 138.96* and 32.66* geocentric 
solar ecliptic longitude and latitude, respectively, and at 33 Kg 
from the earth.) The Side instruments were past their local 
sunsets during this time; therefore the moon shielded them 
from particles flowing directly from the sun However, the in¬ 
terplanetary magnetic field lines arc bent and piled up at the 
magnetosphere on ‘. L .e day side [Spreiteret al.. 1966], forming 
a tangential discontinuity that is commonly known as the 
magnetopause. Solar protons following interplanetary field 
lines as guiding centers could mirror at the magnetopause de¬ 
pending on their pitch angle and head back upstream toward 
the sun. This may be the method by which the square wave 
protons reached the dark side of the moon 
The observed interplanetary magnetic field discontinuity 
can be identified with the surface that separates the ambient 
(disturbed) plasma and the plasma released by the flare from 
the chromosphere. The driver gas normally appears to follow 
the shock wave by 5-12 hours \Hinhberg et al. » 1970). 
Theoretical considerations {Hundhausen. 1972) indicate that 
the surface that separates the ambient plasma (i.e., the transi¬ 
tion region) and the plasma released by the flare is a tangential 
discontinuity. A detailed analysis of one of these driver gas 
tangential discontinuities has been made by Medrano (1973). It 
seems reasonable to assume that the magnetic discontinuity 
observed by Heos 2 at 0230 UT on August 5 was the signal of 
the driver gas arrival. The field lines of the discontinuity on the 
side of the driver gas connect dnectiy to the center of activity 
of the flare. These interplanetary field lines have small-scale 
irregularities convected from the chromosphere which arc the 
major cause for the cosmic ray perpendicular diffusion. If 
there exist mechanisms that smooth there irregularities, then 
the perpendicular diffusion of the energetic particles would be 
reduced. (Possible smoothing mechanisms will be mentioned 
later.) Unde* these circumstances the tangential discontinuity 
is transformed into a 'free corridor' for the propagation of 
energetic charged particles. Therefore if the flare site is still ac¬ 
tively injecting energetic particles [Koelof and Krimigis. 1973), 
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these will follow the tangential discontinuity held linev When 
this corridor sweeps past the earth, it would cause a square 
wave like enhancement in the proton fluxes measured by a 
spacecraft. 

The rise And fall times of the square wave, as measured by 
the Side instruments, correspond to a thickness of about 7 x 
10* km, whereas the gyroradius of a 50-MeV proton in a 30-7 


held (measured by Heos 2) is 3 x 10* km. Assunr ■ 0 that the 
magnetic corridor was tree of inhomogeneities, the rise time of 
the square wave would be expected to be related to a few 
gyroradii of the solar protons. Since the actual thickness is 
only slightly larger (by about a factor of 20) than the 
gyroradius, little diflusion through the sides during transit 
from the sun is indicated. 



B ^ IS 0 20 22 0 2 4 6 8 10 e 


TIME CUT HRG) 

Fig 5. Percentage variations of the galactic cosmic radiation as recorded by a select ton of ground level neutron 
monitors. Variations are plotted with the same vertical scale as a function of lioc ut UT. For each station the geographic 
coordinates and vertical cutoff magnetic rigidity are given. In the rightmost column w« illustrate the asymptotic viewing 
dimetions (in geographic coordinates) of liigher magnetic rigidities. 
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Fig. 6. Illustration of the different time variations, recorded during the morning of August 5, 1972, by detectors 
responding to cosmic rays of different mean primary energy for (lop) Yakutsk mesons at 60 m water equivalent and 
(bottom) Sulphur Mountain neutrons. Five-minute data from the Sulphur Mountain neutron monitor reveal a short-lived 
recovery peak at primary energies of a few GeV; in the hundreds of GeV primar> energy range (£ = 200-280 GeV), 
the underground meson monitor at Yakutsk registers a decrease late in the morning. Data from Sulphur Mountain 
are reproduced by courtesy of T. Mathews; Yakutsk data are reproduced from Filippov et at [1973]. 


The relativistic particles observed by the ground-based 
neutron monitors can be related to the magnetic discontinuity 
and corridor in one of two ways. The first possibility is that 
these relativistic particles are of solar origin and are simply a 
high-energy extension of the spectrum of solar particles in the 
square wave recorded by the detectors in space. This inter¬ 
pretation, however, implies continuous injection of relativistic 
(GeV) particles at the flare site even hours after the original 
burst. Since this does not appear to be experimentally con¬ 
firmed, we are unable to state any definite conclusion regard¬ 
ing this possibility. 

A second possible interpretation is that the square wave 
enhancement recorded by the neutron monitors results from a 
short-term modulation of the galactic cosmic ray intensity. Let 
us assume that the transient increase is the result of the super¬ 
position of two sequential Forbush decreases. Around 2200 
UT on August 4 a very large Forbush decrease occurred. The 
existence of a second Forbush decrease mechanism operative 
at high primary energies is indicated by the Yakutsk un¬ 
derground data presented in Figure 6. It will be noted that this 
detector hardly responded at all to the huge Forbush decrease 
late on August 4 but recorded a second Forbush decrease in 
the late morning of August 5. In the light of the observations 
therefore wc are led to postulate that the first Forbush 
decrease was caused by the passage of the earth through a 
shock front, the transient increase by the passage through a 
region beine replenished with galactic cosmic rays by means of 
parallel diffusion along the tangential discontinuity, and that 
the increase was terminated by the entry into a closed loop 
structure capable of excluding cosmi. rays up to very high 
energies. Recently Barnden [1973] has independently arrived at 
similar conclusions in his analysis of the September 1966 and 
December 1971 events. Such an interplanetary magnetic con¬ 
figuration is consistent with and substantiated by the evidence 
that the relativistic particle square wave results from modula¬ 


tion of galactic cosmic rays. The lower-energy square wave 
seen by detectors in space is certainly of solar origin. 

Model of Propagation 

At this point we present a model representing the dynamics 
of the particles and fields in the interplanetary space corre¬ 
sponding to the solar proton square wave of August 5, 1972. 

The model is based on the current and generally accepted 
pictuie of a shock and blast wave propagation following a 
solar flare [Hundhausen, 1972]. Fresh plasma superso: ically 
ejected during a flare propagates through the ambient pit sma. 
Due to th highly conductive nature of both plasmas, in¬ 
terpenetration is forbidden, so the ambient plasma and field 
lines accumulate in front of the fresh piasma. Consequently, a 
shock wave is built up ahead of the driver gas. Between the 
shock and the driver gas there exists a transition region where 
both the ambient plasma and fields are highly disturbed. 
Between the transition region and the fresh plasma a tangen¬ 
tial discontinuity exists. The field lines on the side of the driver 
gas at the tangential discontinuity connect directly to the 
center of activity of the flare. If this center of activity continues 
to inject energetic protons, these protons will propagate with 
their guiding centers following the field lines of the discon¬ 
tinuity. Furthermore, if the field lines are free of in¬ 
homogeneities (an idealized case), the discontinuity will 
provide a type of free corridor for the propagation of energetic 
solar protons. Figure 7 is an artistic representation of the 
shock wave propagation several hours after the flare. The 
tongue-shaped flare plasma ejected follows the description 
made by Hundhausen [1972] and is based upon the obser¬ 
vations. The solar proton corridor follows the tangential dis¬ 
continuity. The spreading of the particles on the sides of the 
corridor is due to the diffusion across field lines. Figure 8 is in¬ 
tended to illustrate the geometry of the event some days later. 
An observer at the point A will traverse the corridor noticing a 


i 
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Fig. 7. Sketch of the propagation of a flare-induced shock wave 
several hours after the flare time [after Hundhausen, 1972). Energetic 
solar protons (solai cosmic rays) propagate along the tangential 
discontinuity formed by the fresh plasma. Gradual diffusion per¬ 
pendicular to the field lines makes the population of the solar 
protons extend over the shaded area (observed to be 7 x 10* km at 1 
AU). 

square wave like enhancement in the cosmic ray fluxes. 
Another observer at the point B will notice a solar proton flux 
enhancement that is less intense than A but occurs over a 
longer period of time. 

According to this model, after a major solar proton flare an 
enhancement in the solar cosmic ray fluxes should be expected 
before (observer B) or with (observer A) the arrival of the 
tangential discontinuity. The time and the shape of this 
enhancement will depend not only on the hcliographic coor¬ 
dinates of the flare but also on the diffusion processes across 
field lines. If the perpendicular diffusion of charged particles 
were mostly due to the uneven configuration of the field lines 
along the general pattern, then this type of diffusion could be 
expected to be inversely proportional to the solar wind speed. 
The smoothing of the interplanetary ^cid lines by the solar 
wind can be analogized by a rubber band fixed at both ex¬ 
tremes across a river. The speed of the fluid controls the 
smoothness and distention of the rubber band. This type of 
smoothing can be carried out by MHD waves (primarily 
Alfvtn waves) propagating from the sun along the tangential 
discontinuity. The wave activity is likely to be enhanced at the 
surface of the discontinuity by th , speed of the driver gas. 
Another sr ^thing mechanism can be provided by the 
pressure exerted on the field lines by the energetic particles in¬ 
jected at the flare site. Both of these mechanisms are currently 
under investigation. 

The square wave particle enhancement on August 5 must 
have had little diffusion across field lines, since its rise and 
decay times are small (only about 20 times the equivalent Lar- 
mor radius). litis unusually small perpendicular diffusion is 
probably due to the remarkably high speed of the wind and 
unprecedented emission of solar cosmic rays. 

The width of the square wave (2 hours and 8 min) corre¬ 
sponds to 0.07 AU. This shell is within the range of the es¬ 
timated thickness of a helium-enriched region in front of the 
driver gas [Hundhausen, 1972]. Because of the lack of solar 
wind data we cannot confirm this suggestion. 

Enhancements in the solar proton fluxes in association with 


the sudden storm commencements and Forbush decreases 
have been reported in the literature [ Bryant et al, 1962; Axford 
and Reid, 1962; Lockwood and Razdan , 1963; Haurwitz et al, 
1965; Ahluwalia. 1966; Kohler, 1969; Engelmann et al, 1969; 
Ogilvie and Arens, 1971; Balogh et al, 1971; Datlowe, 1972). 
Several interpretations including trapped solar protons behind 
the shock front [Bryant et al., 1962; Haurwitz et al, 1965], 
acceleration in the transition region [Axford and Reid, 
1962; Datlowe, 1972], temporary leakage of galactic cosmic 
rays through the plasma cloud under ‘certain instabilities' 
[Lockwood and Razdan, 1963], etc., have been made. However, 
these models bear some inconsistencies with the observations 
[Datlowe. 1972]. 

A difficulty in the present model is that it assumes con¬ 
tinuous injection of energetic particles. Long-lived solar 
proton streams of MeV energies for as much as a complete 
solar rotation have been reported by Bryant et al (1963). 
Recently Roelof and Krimigis [1973] have lent new support to 
the idea of time-extended injection. It seems to us that con¬ 
tinuous injection of energetic protons at the flare’s center of 
activity is the most favorable explanation at this time. 

Summary and Conclusions 

Data analysis of the Alsep-Side experiments of Apollo 12, 
14, and 15 has been made in relation to the solar activity of 
early August 1972. Observations of solar wind ions during this 
active period are reported in other works [Medrano et al., 
1973a, 6; Medrano. 1973]. While the solar wind activity was 
still in progress, solar cosmic ray protons with fluxes never 
before seen by Side arrived on the night side of the moon. The 
estimated minimum energies for these protons to penetrate the 
shielding of the MA and TID detectors are 25 MeV and 50 
MeV, respectively. The observations of the solar proton event 
can be summarized as follows: 

I. Two major enhancements in the solar proton fluxes are 
directly related to two solar flares: 3B on August 4 at 0525 LIT 
and another 3B flare on August 7 at 1445 UT. During this time 
the Side experiments were in the lunar night and could not 
observe directly protons coming from the sun. It is suggested 



Fig. 8. Sketch of the propagation of a flare-induced shock wave 
several days after the flare time. The diffusion of the solar protons on 
the sides of the tangential discontinuity makes their confinement wider 
than that in Figure 7. 
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that these protons following the field lines mirrored on the 
nose of the magnetopause and then headed back toward the 
sun 

2. A third solar proton enhancement cannot be directly 
related to any solar flare. It took place at 0310 UT on August 5 
during the decay time of the proton event of August 4. The 
peculiar characteristic of this event is the square wave shape of 
the enhancement with rise and fall times of 8 min and a dura¬ 
tion of approximately 2 hours. 

In connection with this last-mentioned singular event, data 
from a variety of ground-based and space experiments have 
been examined. The result of this analysis appears to show that 
the onset of the square wave corresponds to the tangential dis¬ 
continuity that signals the arrival of the driver gas ejected by 
the flare of August 4. 

A model to explain the square wave particle propagation 
has been elaborated. The model hypothesizes continuous in¬ 
jection of energetic solar protons into interplanetary space by 
the active center of the flare site for hours after the flare time. 
The tangential discontinuity serves as a magnetic corridor for 
the propagation of the energetic protons and as a mechanism 
for subsequent modulation of galactic cosmic rays. The width 
of this corridor at I AU, as derived from the duration of the 
square wave, is 0.07 AU. The rise and fall time of the square 
waves is approximately 20 times larger than the Larmor radius 
of a 50-MeV proton. This is interpreted as an indication of 
only slight diffusion across field lines. At larger distances from 
the sun this diffusion process should be expected to intensify 
the cosmic ray fluxes in the transition region behind the shock 
front 

It is suggested that the frequently observed energetic solar 
protons in association with ssc and Forbush decreases 
(delayed solar particle events) can be explained by this model 
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